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Mutants of the histidine operon control region (hisO) include two classes: (1) those 
completely unable to express the operon (His auxotrophs), and (2) prototrophs that 
are unable to achieve fully induced levels of operon expression (still His+ but 
sensitive to the drug amino-triazole). Using new, as well as previously existing hisO 
mutants, we constructed a fine-structure deletion map of GO. Mutations that 
presumably alter the his promoter map at one end of his01 mutations that alter the 
his attenuator map at the other end of hisO. Between the promoter and the 
attenuator lie a number of mutations that affect either the translation of the his 
leader peptide gene, or the formation and stability of his leader messenger RNA 
structures. All of the point mutations mapping in this central region revert to His+ 
at a very high frequency (lo-’ to 10m6); this frequency is incremed by both base 
substitution and frameshift-inducing mutagens. Many of the His- mutants are 
suppressed by informational suppressors; all three types of nonsense mutations 
have been identified, demonstrating that translation of a region of his0 between the 
promoter and attenuator is essential for his operon expression. All of the his0 
mutations tested are &-dominant. 

1. Introduction 

The histidine operon of Salmonella typhimurium appears to be regulated without 
the mediation of any operon-specific regulatory protein. Despite intensive genetic 
analysis, no gene coding for a repressor or activatbr protein has been identified 
(Roth et al., 1966; reviewed by Brenner & Ames, 1971). The regulation of this 
operon seems to be due entirely to features intrinsic to the his operon control 
region, hisO. The control region contains three sites important to operon 

regulation: the promotor (Ames et al., 1963): the attenuator, where transcription of 
the his leader messenger RNA is terminated (Kasai, 1974) : and, between these two 
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sites, the his leader peptide gene (Barnes, 1978: DiNocera et al.. 1978). The leadei 
peptide gene encodes a small polypeptide of 16 amino acids containing seven 
histidine residues in tandem (Barnes, 1978: DiNocera et ~2.. 1978). 

Recently, we proposed a model for his operon regulation that involves the 
regulated formation of alternative stem-loop structures in the his leader mRS.4 
(Johnston et al., 1980). Depending on which of these alternative stem-loop 
structures forms, transcription either terminates at the attenuator, or proceeds 
across this site into the his structural genes. The position of a ribosome translating 
the his leader peptide gene, which is affected by the levels of histidyl-tRNA in t,he 
cell, determines which of the alternative conformations the his leader message 
assumes. Similar models that account for the regulation of other amino acid 
biosynthetic operons in bacteria have recently been proposed (Oxender et al., 1979: 

Keller Rr Calve, 1979). Our model is supported by the properties of a large number 
of mutants having alterations of the his operon control region. In this paper we 
describe the isolation and genetic characterization of these mutants. 

Genetic studies that led to a detailed understanding of regulation of the lac 
operon relied heavily on the characterization of mutants with constitutive operon 
expression (Jacob Hr Monod, 1961). However, for the his operon, five of the six 
classes of mutants constitutive for his operon expression seem to have defects in the 
synthesis or processing of histidyl-tRNA : only one class, those having defects of the 
control region (hisO), affect the regulatory mechanism (Roth et al., 1966: Roth & 
Ames, 1966: Silbert et al., 1966; Singer et al., 1972; Brenchly R: Ingraham, 1973: 
Bossi & Cortese, 1977). To gain a better understanding of his operon regulation, we 
sought mutants of the control region exhibiting reduced operon expression. These 
mutants have provided much of the information on which our model is based. 

Previously, very few his0 mutants exhibiting reduced operon expression existed. 
This was because the available selection methods chiefly yielded mutations in the 
nine his structural genes. Among these mutants, his0 types are rare (Fink et al.. 

1967 : Voll, 1967: Hartman et al., 1971; Ely et al., 1974). We developed a method for 
the selection of mutants with reduced expression of the first structural gene of the 
operon, hi& (Johnston & Roth, 1979). In addition to hi& mutants, the selection 
method yields mutants with defects in his0 that result in reduced operon 
expression. Because the target for mutation in this new selection scheme is only two 
genes, his0 mutants are more common (15% of total). We have used this selection 
method to isolate a large number of his0 mutants with reduced operon expression. 

2. Materials and Methods 
(a) Properties of the histidinv opcron 

The histidine operon and biosynthetic pathway of AS’. typhim~rium are diagrammed in 
Figure 1. The last step of the pathway is the conversion of histidinol to histidine, catalyzed 
by the product of the hisD gene. Histidine auxotrophs are able to grow with histidinol as a 
histidine source provided they express an intact hisD gene. Mutations in hisD, or mutations 
in the his control region that prevent operon (and hence hisD) expression, result in the 
inability to use histidinol as a histidine source (HOI- phenotype). 

The h&B gene encodes the bifunctionsl enzyme that catalyzes the 7th and 9th steps of the 
biosynthetic pathway. One of the activities of this enzyme, the dehydratase reaction (7th 
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FIG. 1. The upper line represents the genes of the histidine operon. The middle part of the Figure is a 
diagram of the histidine biosynthetic pathway. The letters above the arrows correlate the genes with the 
enzymes of the pathway. The bottom line denotes the steps of the pathway that are inhibited by amino- 
triazole and histidine. 

step), is inhibited by the drug amino-triazole (Hilton et al., 1965). Wild-type cells challenged 
with amino-triazole become starved for histidine due to this inhibition, and respond by 
increasing his operon expression. The resultant increased hisB enzyme levels are sufficient to 
overcome the inhibition by amino-triazole. Therefore wild-type cells are resistant to the drug 
at a concentration of 40 mM. Mutants of the control region that are unable to increase operon 
expression in response to histidine starvation cannot grow in the presence of 40 mM-amino- 
triazole. 

Constitutive mutants with high levels of operon expression, such as hisT or hisO’, have 
a wrinkled colony morphology on plates containing 2% (w/v) glucose (Roth et al., 1966). This 
is a consequence of overproduction of the hisF and h&H enzymes (Murray & Hartman, 1972). 
Therefore, constitutive mutants that also possess a polar mutation in the his operon, or a 
mutation in the control region resulting in reduced expression of h&H and hisF, exhibit the 
normal smooth colony morphology (Fink et al., 1967). 

(b) Selection method for mutants with reduced operon expression 

The method permits selection of mutants with reduced levels of hisG enzyme activity 
(Johnston & Roth, 1979). To summarize, it is baaed on the fact that the 1st step of the 
histidine biosynthetic pathway, catalyzed by the hisG enzyme, involves the consumption of 
ATP and PRPP. This reaction is normally closely regulated by feedback inhibition, and by 
repression of h&G synthesis. However, a mutant strain (TR5548) constitutive for operon 
expression (his!!-) that also possesses a hisG enzyme resistant to feedback inhibition 
(hisG”), requires adenine, presumably due to the uncontrolled consumption of ATP in 
histidine biosynthesis. For unknown reasons, the adenine requirement occurs only at 42°C. 
Revertants (Ade+) of TR5548 can be selected under these conditions. The majority of 
revertants carry mutations of the h&G gene, or mutations of the control region resulting in 
reduced operon expression. 

(c) Bacterial strains 

Multiply marked strains and their sources are listed in Table 1. All are derived from. 
Salmonella typhimurium strain LT2. All his auxotrophs were obtained from P. E. Hartman 
(Hartman et al., 1971). 

(d) Media 

The composition of all media used here has been described (Johnston & Roth, 1979). 
Kanamycin sulfate was added at a final concentration of 50 pg/ml (rich medium), or 
125 pg/ml (minimal medium). 

24 
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TABLE 1 

Multiply marked bacterial strains 

strain Genotype Source 

TR3063 
TR3064 
TR3065 
TR3066 
TR3067 
TR3068 
TR3069 
TR3070 
TR3318 
TR3319 
TR3321 
TR3456 
TR3458 
TR3473 
TR3474 
TR3475 
TR3478 
TR5107 
TR5370 
TR53XO 
TR5388 
TR554H 
TR5549 
thru 

TR5561 
TR5579 
t.hru 

TR563:! 
TR5717 
thru 

TR57X:! 

TT1983 
TTZ070 
TT’207 1 
TT215X 
TT2337 
TT234;! 
wx345 
TT342X 
‘IT3510 
TT35P 1 
TT3521 
TT3523 
TT3524 
TT3555 
TT3526 
TT3517 
TT3528 
TT3519 
TT3530 
TT3531 
TT3531 
TT3533 
TT3534 

his01242 hisAOGR439 
hi901242 hiaAOGR440 
his01242 hisAOG8441 
hixO1242 hisAOGX442 

MsAUG8443 
his01242 hiaAOG8444 
his01242 hisAOG8445 
his01242 hisAOG8446 
his01242 hisAOG8473 

hisAOG8472 
his~AOG8475 
hisAOG8495 
hisAOG8497 
hisAOG8512 
h,isAOG8513 
hisAOG8514 
hisAOG8517 

hid11242 hisAOG8664 
hisAOD9560 
AisAOD9570 
hisAD 

hiaGllO2 (feedbwk resistant) hisT1504 

his09607 thru hiuO9616 hisGllO2 hisTl504 

his09653 thru hi.&9706 ?~isGllOZ hisT 1504 

his09709 thru hid19900 hisRllO2 hisT1504 

his09529 ree-1: :TnlO 
supD (~1) zeb-618: :TnlO hi&527 leu-414 
supD”’ zeb-618: : TnlO h.isC527 leer-414 
hisAOD9552 
supF (~3) tie-941 :TnlO hist’527 lew414 
supE (~2) zbf-98: : TnlO hisC527 lel(-414 
SlCPC zde-605: : TnlO hisC527 lew-414 
hisA hisT1504 pyrR64 metA 
his09609 hisGl102 hisTl504 recA1 
hieO9653 hisGllO2 hisT 1504 ret A I 
his09654 hisGlIO2 hisT1504 rec.4 f 
his09663 hisGIl hi01504 rerAl 
his09675 
his02321 hisG + hisT 1504 recA1 zej-636: : Tn5 
hinAOG203 hisT 1504 rerA1 zej-636 : : Tn5 
hi&46 hisT 1504 rec.4 1 
hi.709619 hisGllO2 h&T1504 recA1 
h&09674 htiGllO2 hisT1504 rerA1 w-211 : :TnlO 
his09693 hisG1102 hixT1504 recill srl-211: : TnlO 
h&09679 hisGllO2 hisT1504 recA1 srl-211: : TnlO 
his09676 hiaGlIO2 hisT1504 recA1 srl-211: : TnlO 
his09615 hisG1102 hisT1504 rerAl w-211 : : TnlO 
hixO9614 hiaG1102 hisT1504 recA1 srl-211: : ‘l’nlt) 

Scott et al. (1975) 
Seott~ et al. (1975) 
Scott ef al. (1975) 
Scott. et crl. (1975) 
Swtt et al. (1975) 
Svott el al. (1975) 
Scott et al. (1975) 
Scott et al. (1975) 
Scott r/ cd. (1975) 
swtt ef /Il. (1975) 
Svott et az. (1975) 
Scott et al. (1975) 
sr0t.t et al. (1975) 
Scott et al. (1975) 
Scott et al. (1975) 
Scott P/ nl. (1975) 
Scott et al. (1975) 
.Johnston & Roth (1979) 
Hoppe & Roth (unpublished results) 
Hoppe & Roth (unpublished results) 
Hoppe & Roth (unpublished results) 
.Johnston & Roth (1979) 
See Ta.ble 3 for a 
complete description 

See Table 3 for a 
complete description 

See Table 4 for a 
compJet,e description 

.J. Roth 

.J Rot.11 
Hopl~ & Roth (unpublished results) 
.J. Roth 
.J. Roth 
.J. Roth 



GENETIC ANALYSIS OF his0 MUTANTS 

TABLE l-continued 
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Strain Genotype Source 

TT3535 
TT3536 
TT3537 
TT3539 
TT3540 
TT354 1 
TT3542 
TT3543 
TT3544 
TT3546 
TT3574 
TT3575 
TT3590 
TT3591 
TT3592 
TT3593 
TT3594 
TT3595 
TT3597 
TT3599 
TT3600 
TT4029 
TT5111 

TT5147 

TT538X 
TT539O 
TT5391 
TT5392 
TT5393 
TT5394 
T-r5395 
thru 

TT5411 
TT5412 
thru 

TT5428 
TT5429 
TT5430 
TT543 1 
TT5432 
TT5433 
TT5434 
TT5435 
TT543ti 

his09613 hisGllO2 hisT1504 recA1 s&211 : : TnlO 
his09610 hi.&1102 hisT1504 recA1 s&211 : : TnlO 
his09668 hisGllO2 hisT1504 recA1 srl-211: : TnlO 
hisGllO2 hisTl504 supE zde-94: : TnlO 
hisGllO2 hisT1504 supC zde-605: : TnlO 
hisGllO2 hisT1504 supD zeb-618: : TnlO 
his09663 hisGllO2 hisT1504 supE zde-94 : : TnlO 
his09663 hisG1102 hisT1504 supD zeb-618: : TnlO 
his09693 hisGllO2 hisT1504 supE ule-94 : : TnlO 
his09654 h&G1102 hisT1504 .supC zde-605: : TnlO 
hid9768 h&T1504 pyrB64 metA53/F’60@1 hisO-C-+laeZ 
hisA hisTl504 pyrB64 metA53F’600-1 hisO-P+laeZ hisG9648: : Tn5 
24x-4 : : TnlO his03156 hisG46 
ree-4 : : TnlO hi803199 hisG46 
zee-4 : : TnlO hi801202 hisG46 
zee-4: : TnlO his01812 hi&46 
zee-4: : TnlO his03154 hi&46 
zee-4 : : TnlO his03197 hisG46 
zee-4: : TnlO his03209 hisG46 
~0-4: : TnlO hi803216 hisG46 
zee-4: : TnlO hi803155 hiaG46 
hi801242 h&B2135 supU1283 zhb-736: : TnlO 
hisD8468 aroD hisTl535 (ts) &-Al recAlJ Chumley & Roth (1980) 
F’600-5 his@B+lacZ 
h&D8468 aroD hid”1535 (ts) &Al recAl/ 
F’60@1 hiso-C-&z& 

Chumley & Roth (1980) 

zee-4: : TnlO hi801832 hisG46 
zee-4: : TnlO his03219 hisG46 
his09676 hisGllO2 zej-636 : : Tn5 
hi809679 hisGllO2 zej-636: : Tn5 
his09689 hisGll02 zej-636 : : Tn5 
his09685 hisGllO2 zej-636: : Tn5 

hisO- zee-4: : TnlO 8trA"' 

hisO- zee-4: : TnlO &-Al 

h&A9708 hiaT pyrB64 metA53/F%OO-1 hisO-C’+lacZ hisD9639: : Tn5 
his09709 hisGllO2 h&T1504 recA1 ~1-211: : Tn5 
his@%10 hisGllO2 hisT1504 recA1 w-211 : : Tn5 
hi809712 hisGIl hisT1504 recA1 srl-211: : Tn5 
his09713 hisGl102 hisT1504 recA1 8d-211: : Tn5 
his09716 hisGllO2 hisT1504 recA1 srl-211: : Tn5 
hi809851 hisGllO2 hisT1504 recA1 ~1-211: : Tn5 
his09876 hisG1102 hisT1504 recA1 8d2ii : : Tn5 

Unless otherwise noted, all strains were constructed for this study. The nomenclature of TnlO 
insertions is described by Chumley et al. (1979). 

(e) Transduction and mapping crosses 

The generalized transducing phage P22 (HT int-) was used for all transductional and 
mapping crosses as previously described (Johnston & Roth, 1979; Hoppe et al., 1979). 
Amino-triazole-sensitive his0 mutants, used as donors, were mapped with his0 deletion 
mutants, as recipients, selecting recombinants on minimal plates containing 4.0 mM-3-amino- 
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1,2-triazole, 95 mw-thiamine, 93 mM-L-methionine, and 0965 mM-L-histidine. (This amount 
of histidine supports only very limited growth of the recipient strain, and is used only to 
increase the frequency of transduction.) 

(f) Reversion tests 

Reversion tests of His- his0 mutants were done as described by Johnston & Roth (1979). 
His’ amino-triazole-sensitive mutants were tested for rrversion by plating on minimal 
plates containing 40 mM-3-amino-l&triazole, 95 mw-adenine, 905 mw-thiamine and 
0905 mr+-L-histidine, with a crystal of N-methyl-N-nitro-A-nitrosoguanidine, or a drop of 
1 mg/ml solution of ICR191, or with no mutagen. Reversion frequencies are an average of at 
least 2 independent determinations. 

(g) Phenotypic suppression of his0 mdznts by streptomycin 

Mutants to be tested were plated in soft agar on minimal plates containing 05 m&l- 
adenine, O-05 mM-thiamine, 63 mw-L.-methionine and 0605 mrvi-L,-histidinc. ,L\ few 
micrograms of streptomycin sulfate were placed in the middle of these plates. A ring of 
growth around the streptomycin after 3 days incubation at 37°C indicated that the mutation 
was suppressed by the drug. 

(h) Episome transfer 

The F’ episomes used for the dominance tests were transferred to F- recipients selecting 
for inheritance of the TnlO element (tetracycline resistance) present on the episomes. The 
counterselected mutations in the donor were either pyrR64 and metA53, or aroD5. The donor 
and recipient were mated by cross-streaking on nutrient broth plates: cross-streaks were 
replica printed to selective medium to select exconjugants after overnight incubation. 

(i) Genetic nomenclatwe 

The his operon control region was originally designated hisO, by analogy to the lac 
operator locus, la& (Roth et al., 1966). However, it is becoming increasingly clear that t’hr 
his operon is not controlled by a repressor protein. and thus possesses no true operator 
region. Nonetheless, in the desire to maintain continuity, we have chosen to continue calling 
the his control region hisO. 

3. Results 
(a) Selection o$ his0 mutants 

The method used to isolate his0 mutants with reduced operon expression is a 
selection for mutants with reduced h&G expression (Johnston & Roth, 1979: 
summarized in Materials and Methods). The selection was carried out, in the 
presence of histidine. This allows the recovery of mutants with no hisG expression 
(His-) as well as those with only reduced hisG enzyme levels (His+). Mutations in 
the control region can be distinguished from hid? mutations by their pleiotropic 
effect on the other genes of the his operon. Control region mutants completely 
unable to express the operon are His- and are also unable to grow on the 
biosynthetic intermediate histidinol (Hot - phenotype, see Materials and Methods). 
Mutants unable to derepress the operon are sensitive to the drug amino-triazole, 
which inhibits the hisR enzyme (see Materials and Methods). Furthermore, in the 
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presence of a his constitutive mutation (e.g. hisT), mutants with reduced operon 
expression exhibit a smooth colony morphology, whereas mutants with a normal 
his0 region have high levels of operon expression and have a rough colony 
morphology (see Materials and Methods). Therefore, in a h&T- background, we 
sought mutants having low h&G expression that formed smooth colonies. Such 
mutants were then scored for a Hoi- or amino-triazole-sensitive (AT’) phenotype. 
Many of these mutants proved to have defects mapping in the his0 region. 

Mutants with reduced hisG expression were selected by plating strain TR554X 
(hisGIl hisT1504) on minimal plates containing histidine at 42°C. Under these 
conditions this strain requires adenine for growth ; many of the revertants that no 
longer require adenine contain his mutations causing reduced hisG expression 
(Johnston & Roth, 1979; see Materials and Methods). Revertants (Ade+) arise at a 
frequency of 7.8 x 10e5 per cell plated. Smooth colonies (2600 in 600 independent 
groups) were picked and tested for phenotype (Hoi-, ATS). Mutants that are His+ 
but sensitive to amino-triazole (about 13% of the total) were saved for further 
study. These are likely to contain mutations in his0 resulting in reduced operon 
expression. His- mutants whose histidine requirement is not satisfied by 
histidinol (about 20% of the total) can have mutations of two types: deletions of 
the structural genes that remove at least the hisG and hisD genes, or mutations in 
his0 that prevent operon expression. These two classes can be distinguished by 
genetic mapping of the His- mutations in question. 

Two classes of mutants were immediately discarded. Mutants that are His- but 
Hoi+ (comprising about 50% of the total) are probably simple hisG mutants. 
Mutants that remain His+ and resistant to amino-triazole (about 17%) are likely to 
contain mutations outside the his operon, in some other gene that serves to allow 
growth under the selection conditions. These two mutant classes were not studied 
further. 

To identify the His-HOI- mutants with his0 defects, the mutations in these 
strains were mapped by transduction. Generalized transducing phage P22 was 
grown on each of these His-HOI- mutants (only one from any independent group, 
446 in all) and used as a donor in crosses with His- point mutants as recipients. As 
expected, all of these mutants contain either deletions of at least the hisG and hisD 

genes, or mutations in hisO. Mutants containing mutations mapping entirely 
within his0 were picked for further study. This class included 65 mutants, or about 
20/b of the original mutants picked. All of the resulting his0 mutants are of 
independent origin. 

(b) Mapping of his0 mutations 

In the process of mapping these new His- his0 mutations, we discovered that 
many of them are deletions of various amounts of hisO. This allowed the 
construction of a fine structure deletion map of the control region. The His- his0 

mutations were mapped by transduction selecting His+ recombinants. The His+ 
ATS his0 mutants were used as donors in mapping crosses with His- his0 deletions 
as recipients: selection was made for His+ amino-triazole-resistant recombinants. 
The map of his0 resulting from these crosses is presented in Figure 2. Under our 
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conditions, a cross between a wild-type donor and a His- his0 mutant yields about 
10,000 His+ recombinants per plate. A negative response represents no 
recombinants on at least five plates, or almost a 10e5-fold reduction in 
recombination. The crosses on amino-triazole plates are about one-fourth as 
sensitive as this. 

The deletions entering his0 from the hisG gene (from the right in Fig. 2) are 
hisOG deletions previously isolated using a different selection method (Scott et al., 

1975). All the his0 deletions isolated in this study enter the control region from the 
promoter-proximal side (from the left in Fig. 2). This is because only those his0 

mutations that do not affect hisG were saved. 

(c) Mapping of his0 constitutive mutations 

A large number of mutants that have high levels of operon expression (h&O”) have 
been isolated (Roth et al., 1966; Chang et al., 1971; Ely et al., 1974). although 
strains containing hisO” mutations have no readily selectable phenotype, these 
mutations can be mapped because hisO’ mutants exhibit a wrinkled colony 
morphology. Wild-type (hisO+) strains have a smooth colony morphology (see 
Materials and Methods). Therefore, the h&O” mutations can be mapped in crosses 
with his0 deletion mutants by scoring the colony morphology of the recombinants. 
The strategy of these crosses is outlined in Figure 3. Each hisO’ mutation to be 
mapped is combined with a hisG mutation. This double mutant is used as recipient 
in crosses with his0 deletion mutants selecting for His+ recombinants. If the his0 

deletion does not cover the site of the hisO” mutation, both rough and smooth 
recombinants are obtained; if the deletion covers the hisO’ site, only rough 
recombinants arise. Data for his@ mapping crosses are presented in Table 2, and 
the map positions of these mutations are shown in Figure 2. 

(d) Location of the hisO-hisG gene border on the genetic map 

The hisO-hisG gene border can be localized on the genetic map by two criteria. 
First, the ochre mutation hisG2101 is the most hisOPproximal hisG mutation 

Transduced 

IO) 
fragment + hisOA 1 

Fwmpent / 
chromosome 

1 ” I 

A 

h,sOC h;sG 46 

Smooth Rough 
colonies colonies 

lb) 
froqment + his0A -t 

Recipient 
chromosome 

” 

hisOC 

L 
n 

hisG 46 

FIG. 3. Strategy of hia0’ mapping crosses. The rationale of the crosses is described in the text. In all 
cases the donor his0 deletions cause a His- phenotype. 
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(Hoppe et al., 1979). Thus, the gene border must lie to the left of this mutation. 
Second, two of the longest his0 deletions, his09607 and his09619, revert to His+ at 
low frequency (10-l’). It is highly unlikely this could occur if these deletions 
entered hisG. Therefore, the hisO-hisG gene border most likely lies between 
his09619 and his2101. 

(e) Correlation of physical and genetic his0 m.ajns 

In the accompanying paper (Johnston & Roth, 1980) we describe the DNA 
sequence alterations of many of the his0 mutations. These results are presented 
here, in Figure 2, to correlate the genetic map with the DNA sequence of the his 

control region. All constitutive mutations (hisO”) presented here map in or near the 
attenuator (defined by mutation his01242, which deletes two-thirds of attenuator 
stem sequences). These constitutive mutations probably affect the stability or 
formation of the attenuator stem. The region between the deletion endpoints of 
his09614 and his02321 includes his leader peptide gene and its ribosome binding 
site. The two deletion intervals between the endpoints of his02321 and hisOG8475 

include the region of alternative mRNA stem-loop structures between the leader 
peptide gene and the attenuator stem. The region removed by the his09615 
deletion probably includes the his promotor (see Discussion). 

(f) Phenotype of his0 mutants 

The mutants of the his control region obtained in this study are of two 
phenotypic classes: (1) His- mutants (completely unable to express the operon) : 
and (2) His+ mutants that express the operon at a low level, but are unable to 
achieve fully derepressed levels 6f operon expression in response to histidine 
starvation (sensitive to amino-triazole). The mutations resulting in these 
phenotypes are identified on the his0 genetic map (Fig. 2), and are listed in Tables 
3 and 4. Both deletion and point mutations are among the His- class; only point 
mutations are among the amino-triazole-sensitive mutants. 

In the process of characterizing these mutants we discovered that some of them 
show a temperature-dependent His phenotype: some his0 mutants are heat- 
sensitive, and some are cold-sensitive. These data are summarized in Tables 3 and 
4, and the mutations causing these phenotypes are identified in Figure 2. The basis 
of the temperature effect on these mutants is discussed more fully in the 
accompanying paper (Johnston & Roth, 1980). 

(g) Rellersion of his0 mutants 

(i) Rez!ersion of His- his0 mutants 

To further characterize the his0 mutants, we tested their ability to revert, both 
spontaneously and when induced by mutagens. The result of these tests for the 
His- his0 mutants are summarized in the last two columns of Table 3. Most of the 
his0 deletions revert to His’ at a low frequency spontaneously, and are not 



724 H. M. JOHNSTOS AND 21. K. ROTH 

TABLE 3 

Properties of His- his0 mutants 

his0 Spontaneous Induced his0 Spontaneous Inducvd 
Strain mutation reversion reversion Strain mu t,at,ion reversion reversion 

TT1983 
TR5549 
TR5551 
TR5554 
TR5556 
TR5557 
TR5558 
TR5561 
TR5595 
TR5606 
TR5613 
TR5614 
TR5620 
TR5623 
TR5628 
TR5631 

TR5583 
TR5584 
TR5586 
TR5687 
TR5590 
TR5591 
TR5593 
TR5596 
TR5597 
T R5598 
TR5599 
TR5603 
TR5604 
TR5607 
TR5608 
TR5609 

Deletion mutations 

9529 + 6x 10-s SG 
9607 - 
9610 - 

9612 k 
9614 * 
9615 - <10-s 
9616 - 

9619 - 
9669 I!z NG 
9680 + 6 x 10-s NG. ICR 
9687 - 
9688 * 2 x 10-s SG 
9694 * NG 
9697 - 

9702 * 
9705 - 

Promotor’ mutations 

965i - 3 x 10~’ NC: 
9658 k SG 
9660 - SG 
9661 + 3 x lo-* NG 
9664 - SG 
9665 - SG 
9667 - 1 x 1om9 NG 
9670 + NG 
9671 + NG 
9672 - NG 
9673 - 
9677 + NG IC’R 
9678 - <lO-9 NG 
9681 + NG 
9582 + SG 
9683 + SC ICR L I 

Promotor mutations 

TR5610 9684 + NG. l(‘K 
TR5612 9686 k SC: 
TR5616 9690 - SC: 
TR5617 9691 + .NG 
TR5618 9692 * NC: 
TR5621 9695ca + NG 
TR5622 9696 i 
TR5624 9698 + St: 
TR5625 9699 Ik SG 
TR5626 9700 + SC: 
TR5627 9701 f .SG 
TR5629 9703 + SC 
TR5630 9704 + .- SG 
TR5632 9706 f SC: 

Leader peptide gene and stem mutant,s 

TK5551 9609ts.a ++ 4x10-’ SG.I(‘R 
TR5553 9611ts.a + + SG. I(% 
TR5554 9613 + + 5 x lo-’ SG. I(‘R 
TR5559 9til’its.a + + SG. I( ‘I< 
TR556O 9618ts.a + + NG. IC’R 
TR5579 9653ts.a + + 2 x lK5 NU, I(‘K 
TR5580 9654cs,o + + 2 x lK6 NG, I(‘H 
TR5582 9656cs.o + + NG. I(‘K 
T R5589 9663ts.a + + 3 x lo-’ SG. I1’K 
‘r R5594 966Xa ++ SG. I(‘li 
TK5600 9674 + + 5 x lo- 8 NG. I(‘l< 
TR5601 9675cs.u + + 1 x 1w6 SC. l(‘H 
TR5602 9676ts.a + + SG. I(‘K 
TR5605 9679a + + 1 x lo-’ su. IC‘K 
TR5611 9685L + + 1 x lOF6 NG. I(‘11 
‘l’tt5615 9689a ++ NG. l(:H 
TR5619 9693a + + 1 x lo- NC. I(‘13 

Properties of His- his0 mutants and His+ AT’ his0 mutants. (8s: mutant is His- (or .A’~) at 30°C‘. 
His+ (or ATR) at 42°C: ts: mutant is His- (or ATS) at WV, His+ (or ATR) at 30°C’: a. amber: o. ochre: II. 
ITGA: mutation is suppressed by these types of supressors: 1,. mutant is weakly His+ (i.e. leaky). 
Qualitative spontaneous reversion frequencies represent the number of His+ (or ATR) revertants pel 
2 x 10’ cells plated : - , 0 His + revertants: + -. 1 to 10 His+ revertants: +, 10 to 100 His+ revertants: 
+ + > 100 His+ revertants. The mutagens ,~-met,hyl-in’-nitrc,-,2’-nitros~~uanitlin~ (NG) and I(‘Kl!)l 
and I(‘R3640H were t,eated for the ability to induce reversion as described in Materials and Methods. 

induced to revert by mutagens. Rome deletions a,re induced to revert to His+ by 
nitrosoguanidine, which causes base substitution mutations. The revertant lesions 
probably create a new promoter, or serve to fuse the his operon to a pre-existing 
“foreign” promoter. The His- point mutations at the far left of the map (i.e. 
mapping under deletion his09615) all revert to His+ at a low frequency: some are 
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TABLE 4 

Properties of His+ amino-triazole-sensitive his0 mutants 

725 

Strain 
hid Spontaneous Induced his0 Spontaneous Induced 

mutation reversion reversion Strain mutation reversion reversion 

TR5715 9709 
TR5718 971ocs 
TR5720 9712ts 
TR5721 9713 
TR5724 9716 
TR5726 9718 
TR5728 9720 
TR5729 9847 
TR.5733 9851 
TR5734 9852 
TR5735 9853 
TR5736 9854 
TR5737 9855 
TR5738 9856 
TR5739 9857 
TR5741 9859cs 
TR5745 9863m 
TR5746 9856 
TR5748 9866 

NG 
NG 
NG 
NG 
NG 

SG 

NG 

NG 
NG 

NC 
NG 
NG 
NG 

TR5749 9867 
TR5752 9870 
TR5754 9872 
TR5755 9873cs 
TR5758 9876 
TR5761 9879 
TR5764 9882 
TR5767 9885 
TR5768 9886 
TR5770 9888 
TR5771 9889cs 
TR5773 9891 
TR5774 9892ts 
TR5777 9895 
TR5778 9896 
TR5779 9897 
TR5781 9899 
TR5782 9900 

f 
5 

- NG 
+ 
- 
Yk 
f 
+ 
- NG 
5 NG 
- NG 
- NG 
rk 
+ NG 
k SG 
+ 
- 

Properties of His- his0 mutants and His+ ATS his0 mutants. cs: mutant is His- (or ATS) at 3O”C, 
His+ (or ATs) at 42°C; ts: mutant is His- (or ATS) at 42”C, His+ (or 4Ts) at 30°C; a, amber: o, ochre: u, 
CGA: mutation is suppressed by these types of supressors: L, mutant is weakly His+ (i.e. leaky). 
Qualitative spontaneous reversion frequencies represent the number of His+ (or ATR) revertants per 
2 x 10s cells plated: - , 0 His+ revertants; + - , 1 to 10 His+ revertants: + , 10 to 100 His+ revertants: 
+ + > 100 His+ revertants. The mutagens N-methyl-N-nitro-A-nitrosoguanidine (NG) and ICRl91 
and lCR3640H were tested for the ability to induce reversion as described in Materials and Methods. 

induced to revert only by nitrosoguanidine, others by nitrosoguanidine and 
TCRl91. Many of these mutations are likely to affect the his promoter (see 
Discussion). 

The His- point mutations mapping in the middle of the control region (i.e. the 16 
His- mutations mapping between his09615 and hisOG8475) all revert to His+ at a 
very high frequency spontaneously, and are induced to revert by both 
nitrosoguandine and ICRl91. The high spontaneous reversion frequency of these 
mutations, and the fact that their reversion is induced by both base-substitution 
and frameshift-inducing mutagens strongly suggests that their reversion is not due 
to correction of the original mutation. Instead, it is likely that these revertants 
contain second-site mutations in the his control region that suppress the his0 
mutations (see below). 

(ii) Many His+ revertants are due to second site suppressors 

Strains containing the hisT mutation and a wild-type his operon exhibit a 
wrinkled colony morphology due to derepression of the his operon caused by the 
hisT mutation. Mutations that reduce operon expression cause a smooth colony 
morphology in hisT mutants (see Materials and Methods). Since the reversion of the 
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his0 mutations was done in h&T - strains, His+ revertants due to back mutation of 
the his0 lesion would have the wrinkled colony morphology characteristic of hid 

mutants. However, all of the His+ revertants of the 16 unstable h,isO mutants form 
smooth (h&O+) colonies. Therefore, a second mutation must cause the His+ 
phenotype, but provide only a low level of operon expression. The second-site 
mutations Iin eight of the His+ revertants (3 His+ revertant,s of his09675, 3 

revertants of his09654, and 2 revertants of his09663) have been mapped and found 
to lie within the his control region: all lie under deletion h~isOG’203, which deletes 
the control region and the first half of the hi& gene (data not shown). 

The current model for operon regulation (Johnston et /xl.. 19X0) suggests an 
explanation for the instability of the his0 mutations mapping between the 
attenuator and promotor. These mutations all affect his leader mRNA secondary 
structure and are His- presumably due to excessive attenuator stem formation 
(Johnston et al.. 1980: see accompanying paper, C’humley B Roth, 1980). An,v 
mutation that reduces the stability or prevents formation of t,he attenuator stem 
should suppress these His- regulatory mutations. The large number of ways of 
doing this would explain the high reversion frequency of these mutations. 

(iii) Relsersion of His’ Ap mdants 

Most of the amino-triazole-sensitive mutants revert to resistance to this drug, 
but at a frequency much lower than for reversion of the His- mutants to His+ 
(Table 4). This is expected, since resistance to 40 rnM-amino-triazole requires a high 
level of operon expression (at least 5 x basal level), while only a very low level of 
operon expression (about 0.1 basal level) is required for a His+ phenotype. 
Therefore, a more limited set of mutations, those drastically reducing attenuator 
function, would be expected to suppress the ,4TS defects. 

(h) Informational suppression of his0 mutations 

Translation of the his0 region is required for irj ‘vitro transcription of the his 
operon to proceed through the attenuator and into the structural genes (Artz k 
Broach, 1975). We reasoned that if any of the His- his0 mutations blocked 
translation. by generating a nonsense codon in the translated region of h&O, they 

might be suppressed by nonsense suppressors. To test this possibility. we 
transduced each His- his0 mutation into recipients carrying a large his deletion 
and one of several nonsense suppressors. -4 large number of prototrophio 

recombinants (His+) arising from these crosses indicate that the donor his0 

mutation is suppressible. 4s a result of this test. we identified a number of his0 

mutations suppressible by nonsense suppressors. All three nonsense types are 
represented, including 11 amber (UAG) mutations (his09629, -9621, ~-9627, -961X. 
-9653. -9663, -9668, -9676, -9679, -9689. -9693): two ochre (U;-\A) mutations 
(hisO9654. -9656) and one UGL4 mutation (AisO9675). These mutations are 
identified on the genetic map (Vig. 2). The amber-snl)pressible mutations in hisO do 

not generate UAG codons; these mutations are discussed in detail in the 

accompanying paper (Johnston B Roth, 1980). 
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To confirm these results and determine the pattern of suppression for each of 
these mutations, several well characterized nonsense suppressor mutations 
(Winston et al., 1979) were transduced into the his0 nonsense mutants. Strains 
carrying various nonsense suppressor mutations linked to a TnlO insertion were 
constructed by a recently described technique (Kleckner et al., 1977). Phage P22 
grown on these strains was used to transduce the TnlO insertions into his0 

nonsense mutants, selecting tetracycline-resistant recombinants. Co-inheritance of 
the linked suppressor mutation results in a His+ phenotype if the his0 mutation is 
suppressed: if the suppressor is unable to supress the his0 mutation, all of the 
tetracycline-resistant recombinant5 remain His-. 

The results of these crosses are presented in Table 5. All the his0 amber 
mutations are suppressed by the tyrosine-inserting amber suppressor supF and by 
the serine-inserting supD amber suppressor. Some are suppressed by the supC 
ochre suppressor. None is suppressed by supE, probably due to the presence of a 

hisT- mutation in these strains, which is known to drastically reduce the 
suppression efficiency of supE (Bossi & Roth, 1980). The two his0 ochre mutations 
are suppressed only by the supC ochre suppressor. The his0 UGA mutation is 

TABLE 5 

Svppression of his0 nonsense mutations 

Suppressor tested 

Recipient h,isO None Amber Amber Amber Ochre UGA Mutation 
strain mutation sup D”’ stlpD .MlpE supF SUPC supl! type 

TR5.551 his09609 *33 +55 Amber 
TR5579 his09653 t_5O - f50 +48 Amber 
TR5.589 his09663 *47 - 4-12 +45 Amber 
TR5594 hirr09668 &38 f45 +45 Amber 
TR5602 his09676t - k4S +40 f2e Amber? 
TR5605 his09679t - +48 +22 Amber? 
TT5394 his09685$ a40 se - Amberf 
TRW15 his09689t +52 *PO Amber? 
TR5619 h,isO9693 523 - +50 Amber 

hisR527 - t50 +tS +6X +51 Amber 
TR5589 his09654 - - +48 Orhre 
TR,5582 his09656 - +55 Ochre 

hisCll7 - - - +41 Ochre 
TR5601 his09675 +A UG.4 

h&B2135 t9 IiG.4 

Transducing phage P22 grown on the donor strains (TT2070, TT2071, TT2337, TT2342, TT2345 and 
TT4029) transduced the recipient his0 mutants to tetracycline resistance. The TetR recombinants were 
replica printed to test their His phenotype. A ( + ) signifies that some of the TetR recombinants were also 
His+. and must therefore have inherited the suppressor mutation linked to the TnlO element. A (+ ) 
signifies that the strain grows poorly without histidine: the suppressor only partially corrects the 
mutational defect. The percentage His+ recombinants is in parentheses (approximately 59 to 
199 Tets recombinants scored). A ( - ) signifies that none of the Tets recombinants was His+. 411 
recipients, except hisB527, hisCll7. hisB2135 and TT5394, carry the hisT1504 and hi&1102 (feedback 
resistance) mutations. 

t These mutations are especially weakly suppressed in hisT- strains: suppression is markedly 
stronger in hisT+ strains. 

$ This mutation is not suppressed in hisT strains, and is only weakly suppressed in hisT+ strains. 
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suppressed by s74pCT, a recently isolated UGA suppressor mapping near str-4 (rpsl,) 
(Johnston & Roth, unpublished results). 

To quantitate the level of suppression, we assayed h&R enzyme (histidinol 
phosphate phosphatase) levels in strains containing his0 mutations with and 
without the appropriate suppressors (Table 6). Enzyme levels in his0 mutants 
carrying a nonsense supressor are substantially increased compared to the strains 
with no suppressor. 

TABLE ci 

hisB enzyme levels in slrppressed his0 nonsense mutants 

Strain 

TR5589 
TT3542 
TT3543 

m5w9 
TT3544 

TR5580 
TT3546 

‘l-K5548 
I,TI 

his0 
mutation 

his09663 
hisO966’3 
his09663 

his09693 
h is09693 

hisOYfi54 
his09654 

hisO+ (hid/‘-) 
hisO+ (his?‘+) 

Type 

Amber 
Amber 
Amber 

Amber 
Amber 

Ochrr 
Ochrr 

Histidinol phosphate phosphatase (hisH) enzyme levels in hid/ nonsense mutants. Strains grown ;tt 
37°C in minimal medium cont,aining 0.1 mwr,-histidine were assayed as described by Martin et nl. 
(1971). Enzyme levels due t,o hi.rR expression from the internal hia promotor between hid? and hisR (Pp. 
spec. act. Ofil) have been subtracted from all values. All st,rains are ixogenic. ,411 strains, except LT2, 
curry the hi.s7’2504 and his01102 (feedback resistance) mutations. 

All the his0 mutations suppressible by nonsense suppressors map in the central 
region of the genetic map, between the promotor (his09615) and the attenuator 
(&sO1242) (Fig. 2). These mutations demonstrate that a region of his0 between the 
promotor and the attenuator is translated into protein. The DSA sequence changes 
of these mutations have been determined (Johnston 8 Roth. 1980); they all affect 
either the translation of the his leader peptide gene or the stability of hks leader 
mRNA secondary structure. 

(i) Correction of nonsense his0 mutations by streptomycFrL 

The drug streptomycin induces misreading of the genetic code by the translation 
apparatus. Sub-lethal levels of streptomycin suppress many nonsense mutations by 
causing polypeptide chain termination codons to be read as sense (amino acid) 
codons at a low level. This phenotypic correction does not occur in strA mutant 
strains due to an alteration of one of the proteins of the small ribosomal subunit. 
that reduces the level of misreading (Gorini, 1971). 

To confirm that suppression of the his0 mutations by nonsense suppressors is 
occurring at the level of translation, we tested the ability of the drug streptomycin 
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to phenotypically correct several His- his0 mutations. Table 7 shows that the 
nonsense-suppressible his0 mutations are corrected by low levels of streptomycin, 
but only in a strA”’ genetic background, not in a strAR background. This is strong 
evidence that a region of his0 is translated into protein. 

TABLE 7 

Phenotypic suppression of his0 mutations by streptomycin 

Mutation 

his09609 
his09613 
his09653 
his09654 
hid9656 
hinOYtX3 
his09668 
h,isO9674 
his09675 
h,isO9676 
his09679 
hid19693 
his02321 
hisG205 
hid’527 
hi&l17 
hisGR655 

Correction by streptomycin in strains 
containing these strA alleles 

Type .&A’“’ &Al 

Amber + - 

Deletion - - 

Amber + - 

Ochre + - 

Ochre + - 

Amber k - 

Amber + - 

Point + - 

UGA + - 

Amber + - 

Amber + - 

Amber _+ - 

Deletion - - 

CGA + - 

Amber + - 

Ochre + - 

Frameshift - - 

Suppression was tested as described in Materials and Methods. The strength of 
suppression was scored qualitatively. Each mutation was tested in both a strAWT and a 
&AR genetic background. All strains are isogenic (TT5395 to TT5428, see Table 1). 

( j) Dominance tests of his0 mutations 

(i) Domkance of His- his0 mutations 

The existence of nonsense and temperature-sensitive mutations in the his control 
region suggested the presence of a gene involved in operon regulation. 
Determination of the DNA sequence changes of the nonsense his0 mutations 
revealed that this gene is the his leader peptide gene, which codes for a polypeptide 
of 16 amino acids containing seven histidine residues in tandem (Barnes, 1978: 
DiNocera et al., 1978; Johnston et al., 1980). To determine if this gene encodes a 
diffusible product, we tested the dominance of a number of his0 mutations. 

The diploid strains used for the dominance tests carry a wild-type his0 region on 
an F’ episome, and a mutant his0 region in the chromosome. The episomes used for 
these tests were specially constructed F’128 plasmids that contain the Salmonella 
his control region and the first two (or three) his structural genes fused to the E. coli 
la& gene (Chumley & Roth, 1980). The structure of these episomes and the 
strategy of the dominance tests are outlined in Figure 4. 
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F’rc:. 4. Diagram ofdiploid strains used in dominance t,ests of his0 mutations. The chromosome in each 
case contains one of t,he his0 mutations listed in Table 7. Pl is the primary, regulated his operon 
promotor that) lies in hisO. p2 is the secondary, unregulated promotor that lies between hid’ and hisR 
(Ely & Ciesla, 1974), and causes constitutive, low level expression of all his genes downstream of hid’. 
The episomes used carry the first few genes of the his operon fused t,o la& (Chumley & Roth, 1980): their 
structure is detailed in Results, section (j). The plasmids all carry a TnlO insertion near, but not in, the 
his0 gene (zee-4: : TnlO): this TnlO element was u,sed to select for transfer and maintainance of the 
plasmid. The full genotypes of these plasmids are presented in Table 1 (strains TT3574. TT3575. 
TT5111, TT5147 and TT5429). 

In each case, the his0 mutation to be tested is in the chromosome, cis to intact 
structural genes. Growth of the his0 mutants is limited only by their reduced 
expression of the first three structural genes, h&G, hisD and Irid”: the other 
structural genes are expressed, at levels sufficient to yield a His+ phenotype, from 
the unregulated internal his promoter P2, located between the hi& and hisR genes 
(Ely B Ciesla, 1974; Kleckner et al., 1977; M. Schmid, unpublished results). Four 
different F’ his-lac fusion episomes were used, each carrying different amounts of 
an intact his operon. The episome diagrammed in Figure 4(a) carries only an intact 
his0 gene; all the his genes downstream of hisD are deleted due to the hid-la& 
fusion on this plasmid ; the hisG and hisD genes are inactivated by a Tn5 insertion 
in h&G. The episome in Figure 4(b) is the same as that in Figure 4(a), except that 
the hisG gene is functional, while hisD is inactivated by a Tn5 insertion (hisO+G+). 
Figure 4(c) shows the same episome without the Tn5 insertion: therefore this 
episome carries hisO+G+D+. The episome in Figure 4(d) contains a his operon 
fused to la& in the hisR gene. This plasmid is functional for the his0 region and all 
of the first three his structural genes (hisO+G+D+C+). 
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Diploid strains of the types diagrammed in Figure 4 were constructed and their 
his phenotype scored. These results are presented in Table 8: a minus in the Table 
denotes that the diploid strain is His- ; a plus means the strain is His+. Dominance 
tests of his0 point mutations are presented in the upper half of Table 8; the lower 
half of the Table presents dominance tests of deletions of the control region, all of 
which presumably remove the his promotor. Column 2 presents the phenotype of 
strains of the type diagrammed in Figure 4(a). The only functional his0 region in 
these strains is on the plasmid, and is unable to provide (in trans) the function 
missing from the mutant chromosomal his0 region. Therefore, the his0 mutations 
are dominant. 

Column 5 in Table 8 shows that all strains of the type diagrammed in Figure 4(d) 
are His+. This means that the hisG, h&D and hi& genes on the plasmid are 
expressed in these strains. Therefore, the chromosomal his0 mutations impair the 
function of only those genes located cis to the his0 mutation. Thus, columns 2 and 5 
demonstrate that all of the his0 mutations tested are &s-dominant. From these 
results, we conclude that the leader peptide gene product either has no function, or 
is a &s-acting protein. 

The phenotypes of strains of the type diagrammed in Figure 4(c) are presented in 

TABLE 8 

Dominance tests of his0 mutations 

Chromovomal His phenotype of diploid strains containing these episomes: 

mutation F’hisO+ F’hisO + G + F’hisO + G + D + F’hisO+G+D+C+ F 

his09653 - 
his09654 - 
his09676 - 
his09679 - 
gisO9663 - 
his09609 - 
his09693 - 

hid.9613 - 
his09668 - 
his09674 - 
his09675 - 

hixd9610 - 
his09614 - 
his09615 - 
his09619 - 
his02321 
hi&G203 1 
hisG46 - 

+ + (115) + -(>600) 
+ +c1w + Ifr (430) 
+ + + - 

+ + + - 

: 
+ (260) + -(>600) 

I 
+ (215) + -(>mo) 
+ + - 

- + + - 
- + + - 
- + + - 
- + (240) + -(>600) 

- - + - 
- - + - 

+ - 
+ -(>mo) 

- -(>510) + -(>600) 
- - + - 

+ + (60) + -(>600) 

Diploid strains of the type diagrammed in Fig. 4 were constructed and tested for their His phen@ype. 
The plasmids (in strains TT3574, TT3575, TT5111, TT5147 and TT5429) were transferred to recipient 
his0 mutants and maintained by selecting for the TnlO insertion present in the plasmid. The diploid 
strains were then tested for the ability to grow on minimal medium (His+). A (+) indicates the diploid 
strain is His+ : A (- ) signifies the diploid strain is His-. The numbers in parentheses are doubling times 
in minutes of the diploid strains growing in minimal medium at 37°C. All recipient strains (TT3520 to 
TT3537, see Table I) eontain recA1, hisTl504, hisGllO2 (feedback resistant), except ki.402321, kiaOG2203 
and h.isG46, which contain recA1 only. 
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Table 8 column 4. These strains carry functional hisO, hid1 and hisD genes on the 
episome, but the only functional hid’ gene is in the chromosome, cis to the his0 

mutation. Diploid strains containing a his0 deletion mutation are His- because 
they are unable to express the chromosomal hid’ gene (bottom half of Table 8, 
column 5). However, in diploids containing a his0 point mutation, the hid’ gene cis 
to the his0 mutation must be expressed, since these strains are His+ (top half of 
Table 8, column 5). The hid gene must be expressed at a low level, however. 
because the growth rates of these strains are considerably slower than for a diploid 
strain carrying a chromosomal hisG mutation, which contains a full complement of 
his enzymes (line IX, column 4). The phenotypes of the diploid strains presented in 
column 3 suggest that some of the his0 point mutants require only the hid? gene 

product to be His+. The episome in these strains carries a hisO+ and a hid?+ gene. 
but the only intact hid and hid’ genes are in the chromosome, cis to the his0 

mutation. Nevertheless, some of these diploids are His+ (e.g. his09654). and must, 
therefore express the chromosomal h&D and h,id’ genes at some low level. 

Therefore, some of the his0 point mutants require both hi& and hisD gerle 

products for a His+ phenotype, while some of the other his0 mutants require only 
the hi& gene product. This probably reflects different residual levels of expression 
in the two classes of mutants. The his0 deletion mutants tested. which probahl) 
remove t)he promotor, must hare no residual operon expression, since they arr 
unable to provide h,isG, hisD. or hid’ function (see bottom half of Table X, 
column 4). 

(ii) Dominance of His+ his0 mutations 

The His+ ATS his0 mutations were also tested for dominance. These mutants 
are sensitive to the drug amino-triazole, which inhibits one of the reactions 
catalyzed by the his/l enzyme. Wild type is resistant to amino-triazole because it’ 
increases operon expression (and hence hisR enzyme levels) when challenged with 
the drug (see Materials and Methods). 

The strategy of these complementation tests is similar to that for the His- his0 

mutants. The episome diagrammed in Figure l(a) was introduced into the His+ 
his0 mutants. If the hisO+ gene on the plasmid can provide in trans the function 
missing from t,he chrornosomal h.isO region, then the diploid strain will be ablr to 
increase operon expression when challenged with amino-triazole. and will therefore 
be resistant to the drug. If the his0 mutation is dominant, the diploid will be 
sensitive to amino-triazole. All of the mutants tested (hisO9709, --9710, -9722. 
-9713. --9716, -9851. -9876) remained sensitive to amino-triazole when made 
diploid for his0 with the episome diagrammed in Figure 4(a). This demonstrabes 
that the His+ his0 mutants are also dominant. 

4. Discussion 
We have isolated and characterized a large number of histidine operon 

regulatory mutants with defects of the his control region. The determination of the 
DX-4 sequence changes of a number of these mutations. fjresented in t.hr 
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accompanying paper, has allowed a correlation of the his0 genetic map with the 
DNA sequence. Consequently, the regions of the genetic map representing the 
attenuator, the leader peptide gene, and the region of alternative mRNA stem-loop 
structures located between these two sites have been precisely identified (Fig. 2). 

Three pieces of evidence suggest that many of the mutations that map under 
deletion CO9615 (at the far left in Fig. 2) probably affect the his promotor. First, 
the deletions that enter his0 from hisG all have a right endpoint within hisG and 
still express the intact hisD gene. The deletion of this type that removes the largest 
part of his0 is hisOG8517, and therefore the his promoter must lie to the left of this 
deletion. Second, the deletion his09615 is the leftmost His- deletion and, since it 
does not enter the his leader peptide gene (see Fig. 2), its His- phenotype is most 
likely due to removal of the promotor. Finally, the his02355 mutation has the 
phenotype expected of a promotor mutation (Ippen et al., 1968) : it has low levels of 
operon expression, but can be derepressed over the same 20-fold range as wild type 

(Ely, 1974). 
All of the his0 mutations tested here, as well as those tested previously, are city- 

dominant (Fink & Roth, 1968; Ely, 1974). This result is expected for promotor and 
attenuator mutations. Since mutations altering the his leader peptide gene (e.g. 
his09709, -9876, -9654, and h&09675) are not complemented in tram by a wild- 
type his0 region, the product of this gene must either have no function, or it must 
be a &s-acting protein. These two possibilities are discussed in the accompanying 
paper (Johnston & Roth, 1980). 

The results of the dominance tests (Table 8) reveal that the His- point mutants 
all have a very low level of residual operon expression. Some of these mutants are 
His- because their growth is limited only by their low level of h&G gene product 
(e.g. his09651); the rest require both the hisG and hisD enzymes (e.g. his09675). 

The fact that h,isG enzyme becomes limiting first as operon expression is reduced is 
not surprising. Since this enzyme catalyzes the feedback inhibitable first step of the 
biosynthetic pathway, it might be expected to be the rate-limiting reaction. Since 
none of the point mutants requires a functional hid gene on the plasmid for a His’ 
phenotype (Table 4, column D), all must express their chromosomal hi& gene at 
some level. Apparently, none of the point mutations causes an absolute block in 
readthrough of the attenuator site. 

The h,isO genetic map presented in Figure 2 is an extension and revision of an 
earlier map based on three-point transductional crosses (Ely et aE., 1974). In most 
respects, our map agrees with that produced earlier. Both show groups of 
mutations causing high levels of operon expression interspersed among groups of 
mutations causing reduced operon expression. This map distribution fits well with 
the model for histidine operon regulation (Johnston et aZ., 1980). There is one 
important difference between the old and new maps: the earlier map showed two 
constitutive mutations at the leftmost end of hisO. We have mapped one of these 
mutations, h&03155, and find it to lie in the attenuator region of hisO. The basis for 
this difference between our map and that of Ely et al. (1974) is unclear, but could 
reflect difficulties inherent in mapping particular alleles by three-point crosses. We 
feel that the deletion mapping used here is more reliable for fine-structure mapping 
of small regions of the chromosome. 
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