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At least four genetically distinct classes of mutations give rise to triazolealanine 
resistance in SaZmoneZZa typhimurium. Each class studied affects regulation of 
the histidine operon. 

Mutants of one class, GO, are located at one end of the histidine operon. 
This class may be similar to operator constitutive mutants studied in other 
systems. At least two genetic sites are present in this region. A second class, 
hid’, is linked in transduction tests to the guaA and s&B loci. This class contains 
a low specific activity of histidyl-tRNA synthetase and may represent mutations 
in the structural gene for this enzyme (Roth & Ames, 1966). Mutations of a 
third class, hi.sR, are linked in transduction tests to the ilv and m&E loci (Roth 
& Hartman, 1965) and affect the levels of effective transfer RNA(his) (Silbert, 
Fink & Ames, 1966). A fourth class of mutants, hisT, is linked to the pzcrB’ and 
aroD loci. 

1. Introduction 
The biosynthesis of hiatidine in Salmonella typhimurium involves ten enzymes. These 
are determined by a cluster of genes, the histidine operon, which is regulated as a unit 
(Ames & Garry, 1959; Ames, Garry & Herzenberg, 1960; Ames & Hartman, 1962). 
The level of each of the ten enzymes can vary from one, the repressed level, to about 
25, under conditions of histidine starvation. 

Regulatory mutants were obtained which are unable to repress fully the enzymes 
of the histidine operon. These mutants were obtained by selection for resistance to 
the histidine analogue, 1,2,4 triazole-3-alanine. This analogue has been shown to be 
incorporated into protein and to cause repression of the histidine operon (Levin & 
Hartman, 1963). Among the TRAS-resistant mutants are regulatory mutants having 
a defective control mechanism for the hi&dine operon. Such mutants are not subject 
to repression by the analogue and thus escape growth inhibition. The regulatory 
mutants have been clas&ed into at least four genetic groups. This report describes 

t Present address: National Institutes of Health, National Institute for Arthritis and Metabolic 
Diseases, Bethesda, Maryland 20014, U.S.A. 

3 Abbreviations used: TRA, 1,2,4 triazole-3-alanine; tRNA, transfer RNA; AMT, 3-amino- 
1,2,4-triasole. 
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the location of the regulatory mutations of each type on the Salmonella chromosome 
and some properties of the mutants. These results are discussed in terms of tentative 
models for regulation of the histidine operon. 

2. Materials and Methods 
(a) Bacterial atrain.9 

ALI strains used are derivatives of S. typhimurium LT-2, except hisHlO7 and ita deri- 
vatives, which are derived from strain LT-7. The following strains were kindly donated 
by M. Demerec: aroD5, guaA1, guaA9, purF145, and strB57. Strain SL751 (purC7 proA 
&k-405 rhu-461 str-r iM-10 $a-56 $m-) was received through the courtesy of B. A. D. 
Stocker. Strain m&E338 ara-9 ilvC401 has been described by Roth & Hartman (1966). 
Descriptions of the above genetic symbols and properties of the mutants have been 
summarized by Sanderson & Demereo (1965). 

Histidine regulatory mutants and their means of selection are presented in Table 1. 
Procedures used in their isolation are described below in section 3(a). Mutants hi.sT1.222, 
hisR1223, hisT1224, hisT1227 and hisT1230 were selected by B. N. Ames in partial 
revertants of frameshift mutation hbC202. Mutants hisR1300, hisTl501, hisTl503, 
h&+1502, and his-1509 were selected by B. N. Ames and G. FerroLuzzi-Ames. Histidine- 
independent derivatives of some of the regulatory mutants isolated in hkHlO7 were 
constructed by transduction. The double mutants, hie01202 hisG46, his01242 hisG46, 
and his01812 hisG46, were constructed as outlined below. Mutation h&01242, originally 
obtained in strain SL751, w&s re-isolated in a prototroph by transduction into deletion 
hia- and selection of a P22-sensitive, prototrophic recombinant clone (G. R. Fink, 
personal communication). 

TABLE 1 

Sources of regulatory mutants 

Regulatory mutation Parent strain Selection 
methodt 

hiaRl200 
h&401202, hisR1203 
hiaR1204, h&R1205 
h&1206, h&T1207 
tiR1208, hid1209 
hiaS1210, hid1211 
hiaS1213, hid1219 
hbT1814, hiaT 
hiaS1816, h&R1826 > 
h&R1223 
hisT1222, h&T1224 
hbTl227, hisT1230 
tiTl501, hiaT1503 
hb-1502, his-1509 > 
hkO1242, hiaS 
hiaO1812, l&R1813 
his-1817, hie-1818 
his-1820, his-1821 
h&-1822 I 
h&1819, his-1823 1 
his-1824, his-1825 

h&H107 

h&H107 

hiaH 

hkC202, PR-2 
htX202, PR-2 
hisC202, PR-8 

LT-2 wild type 

SL751 

am-9 

ara-9 

spontaneous 

ultraviolet 

diethyl sulfate 

spontaneous 
spontaneous 
spontaneous 

spontaneous 

spontaneous 

diethyl sulfate 

spontaneous 

TRAt 

TRA 

TRA 

a-methyl hi&dine 
TRA 
TRA 

TRA -I- AMT 

TRA + AMT 

TRA + AMT 

TRA + AMT 

t Described in section 3(a). 
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(b) Media 
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Difco nutrient broth was used as maximally supplemented liquid medium with 1.5% 
D&o agar as solid medium. The E medium of Vogel t Banner (1960) was used, with 
0.2% dextrose added, as minimal salts medium. Solid media used for scoring the wrinkled 
colony phenotype of the TRA-resistant mutants contained 2% dextrose. Amino &cid 
supplements, when used, were added at a concentration of 60 pg/ml. unless otherwise 
noted. Histidinol was added at a concentration of 125 pg/ml. Triazolealsnine wss obtained 
from R. G. Jones, Eli Lilly Co., Indianapolis, Indiana. Aminotriazole wae obtained from 
the Aldrich Chemical Co. 

(c) Trarrsductiorr tests 

Phage was prepared and stored se reported by Hartman (1966). Transduction tests 
were performed directly on solid medium with no prior adsorption. Phage and cells were 
spread together on selection medium at a multiplicity of infection dependent on the 
chromosome region for which recombinants were selected; this adjustment compemted 
for different transduction frequencies found for various chromosomal regions. 

In crosses for which a TRA-resistant mutation served as an unselected marker, the 
transduction was performed on solid medium containing 2% glucose. On this medium, 
TRA-resistant clones form characteristic wrinkled colonies which can be scored with the 
aid of a dissection microscope. TRA-sensitive clones form normal smooth-appearing 
colonies (Roth t Hartman, 1965). 

P22-sensitive (non-lysogenic) recombinants from phage-mediated crosses were recovered 
using the magnesium-hypersensitive phrtge of N. D. Zinder (personal communication). 
The procedure was modified from that of Frank D. Vasington (personal communioation). 
E medium was made up with one-tenth of the normal K&PO* concentration and the 
pH was adjusted to 7-O. Just prior to the pouring of plates, the medium was made O-05 M 
in MgCl,. Mg-hypersensitive phage was grown on the donor strain in broth and irradiated 
with ultraviolet light to approximately 10% survival. The transduction tests were per- 
formed and recombinanta were picked after only 24 to 38 hr inoubation. The tiny recom- 
binant colonies were restreaked several times on high-magnesium medium. In each case, 
colonies were picked while still small. Finally, clones were tested for sensitivity to P22 
phage. 

(d) Construction of hisG46 his0 doubb mutants 

Hi&46 his0 double mutants were used in the mapping of the hti0 mutations. The 
strains were constructed by transducing the recipient hiaD hi.&46 to growth on histidinol 
(h&D+) with phage grown on a l&90 mutant. The recombinants were tested for growth 
on his&line and for colony morphology. Recombinants whioht required histidine and 
formed wrinkled colonies on medium containing 2% glucose proved to be the hid46 h&O 
double mutants. 

(e) Growth and preparation of cei% for enzynae ctaaays 

Cells were grown in 100 ml. of minimal medium on a rotating shaker bath at 37°C. 
At intervals, 1-O-ml. samples were removed and the optical density determined at 650 mp 
in a Beckman DU spectrophotometer. When the optical density of the culture reaohed 
0.5 to 0.6, the cells were harvested by centrifugation for 20 min at 10,000 g in a Servall 
refrigersted centrifuge. The cells were resuspended in 30 ml. of 0.05 M-Tris-HCI butfer 
(pH 7.6) containing 0.1 mM-ATP and 2 mM-MgCl,. In the initial experiments, 1.4 mm- 
mercaptoethanol was also included. Since this had no noticeable effeot on the activities 
measured, it was omitted in later experiments. The cell suspension wae then centrifuged 
m before; the cells were resuspended in the same buffer and sonicated for 2 min in a sonic 
oscillator (Measuring & Scientific Equipment, Ltd; model 16OW). The sonioate was then 
centrifuged 1 hr at 30,000 g to remove cell debris. The supernatant fraction was passed 
through small columns of Sephadex gel (G25 or G50) to remove any remaining small 
molecules, and the resulting crude extract was used directly in the enzyme assays. 
Protein content of the extracts was estimated by the biuret method. 
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(f) Assay of enzymes 
The histidyl tRNA synthetase was assayed by following the attachment of [i4C]histidine 

to tRNA. The reaction mixture of 0.25 ml. contained the following: E. coli tRNA, 5 o.D.,~, 

units or O-2 mg (General Biochemicals Corp.); cacodylic acid (pH 7) 20 pmoles; ATP, 
0.6 pole; MgCl,, 0.5 pmole; mercaptoethanol, 1.5 pmoles; L-[lW]histidine (35 mc/mnn; 
Nuclear Chicago), 0.01 pmole; gelatin, 0.1 mg. For the experiments presented in Table 10, 
L-[14C]leucine (22 mc/mM) replaced hi&dine. The reaction was initiated by the addition 
of crude extract and was stopped by the addition of 1.0 ml. of 5% trichloroacetic acid. 
The reaction tubes were chilled in an ice-bath and the precipitate removed by filtration 
of the mixture with suction through a Millipore filter (pore size 0.45~; 25 mm diameter). 
The filter disc carrying the precipitate was washed repeatedly with 5% trkhloroacetic 
acid, dried, fastened to an aluminium planchet with rubber cement and assayed for 
radioactivity in a gas-flow counter (Nuclear Chicago). 

Histidinol phosphate phosphatase was assayed (as an index of the degree of de-repres- 
sion of the histidine operon) using the method of Ames, Garry & Herzenberg (1960). One 
unit of activity is the amount of enzyme which frees 1 pmole of PO4 from histidinol 
phosphate in 1 hr under the conditions used. No MgCl, was added to the reaction mixture. 
Duplicates were run and the results averaged for each determination. In some experiments 
the toluenized cell assay and specific activity calculations of Ames, Hartman & Jacob 
(1963) were used. 

3. Results 
(a) Isolation of TRA-resistant mutants 

Hi&line regulatory mutants were selected for resistance to the histidine analogue, 
1,2,4-triazole-3-alanine (TRA), which acts as a false co-repressor of the histidine 
operon (Levin & Hartman, 1963). Since wild-type Salmonella growing on minimal 
medium have almost fully repressed levels of the histidine biosynthetic enzymes 
(Ames & Garry, 1959), addition of a false co-repressor molecule, such as TRA, does 
not severely restrict growth. Salmonella having a partial block in the histidine path- 
way are able to grow on minimal medium only when they produce high levels of the 
histidine biosynthetic enzymes. Such cells require de-repression for growth under 
these conditions, and thus show sensitivity to the presence of the false repressor. 

The partial block in the biosynthetic pathway, required for TRA sensitivity, can 
be introduced genetically by a “leaky” histidine mutation or physiologically by 
addition of the hi&line analogue, 3-amino-1,2,4-triazole, to wild-type cells. This 
analogue is an inhibitor of imidazole glycerol phosphate dehydrase (Hilton, Kearney 
& Ames, 1965). Wild-type cells can overcome inhibition by AMT by increasing their 
levels of histidine biosynthetic enzymes. In the presence of AMT, wild-type cells 
grow with obligately de-repressed enzyme levels and are sensitive to inhibition by 
TRA. Either of these partial blocks allowed direct selection of TRA-resistant mutants. 
2-Methyl histidine-resistant mutants may be selected by analogous techniques. 

(b) Detection and properties of de-repressed mutants 
Several classes of mutations could be responsible for resistance to TRA. One such 

class would be represented by mutants, the histidine operon of which is no longer 
repressed by TRA. Some of these regulatory mutants might be expected to be in- 
sensitive also to repression by histidine and thus be unable to repress fully the levels 
of histidine biosynthetic enzymes. Another class would be represented by mutants 
in which the partial block in the pathway has been removed, either by reversion of 
the leaky mutation, or by mutation of the dehydrase gene to AMT resistance. A third 
class would be represented by permease mutants that are unable to take up TRA 
or AMT. 
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Colonies formed by TRA-resistant regulatory mutants were distinguished from 
other TRA-resistant mutants by their characteristic morphology. Cells growing with 
de-repressed histidine enzyme levels form wrinkled-appearing colonies (B. N. Ames, 
personal communication). This characteristic morphology was found to depend on 

TABLE 2 

Effect of glucose concentration on enzyme level 

Strain 
Histidinol phosphate phosphatase 

(specific activity) 
0.2% glucose 2.0% glucose 

hid21203 hisHlO7 2.04 2.70 
his01202 h&H107 3-32 2.75 
hGHlO7 0.51 0.30 

All strains grown on minimal salts medium supplemented with 40 pg L-histidine per ml. Carbon 
sources are as indicated above. The histidinol phosphate phosphatase assay of Ames, Garry & 
Herzenberg (1960) was used. 

TABLE 3 

Doubling times and repressed enzyme levels in some TRA-re&tunt mutante 

Strain 
Doubling time Histidinol phosphate 

(min) phosphatase (ape&lo activity) 

l&H107 (Control) 
h&R1201 hkH107 
his01202 h.kHlO7 
htiR1203 htiHlO7 
h&R1204 hisHlO7 
h&R1205 hiaH107 
his-1206 hiaHlO7 
hiaT1207 hisHlO7 
hisR1208 h&H107 
hid1209 h&H107 ile-155 
hiss1210 hisHlO7 
hid1211 h&H107 
hiaS1213 hiaH 
hid1219 hiaH 
his01242 
hiaTl501 
his-1509 
his01812 ara-9 
h&R1813 ara-9 
hisTl814 hisHlO7 
hisT1815 hisH107 
hid1816 hisHlO7 

4wt 
63(l) 
48(4) 
50(4) 
55(l) 
50(3) 
W2) 
61(3) 
5W 
4fW 
54(3) 
5v4 
56(2) 
52(2) 

0*48(12)t 
4-44(l) 
3*36(5)e 
3*28(l) 
238( 1) 
2*26(l) 
3.3(2) 
3.4( 1) 
4*63(8) 
0.36(7)‘*b.C 
066(6)s*o 
3*91(7) fi*c 
3*43( 1) 
1*79(l) 
8-2(6)a 
.5*93(l) 
2-6(l) 
4*64(l)* 
3*65(1)d 
6.11(1)6 
5.94(l)* 
583(l)* 

t Numbers in parentheses indicate how many values have been averaged. 
* Includes some values determined for h&HlO7+ derivative grown on minimal medium plus 

50 pg histidinelml. 
b Isoleucine added to medium for growth. 
c All hiaS mutants tested de-repress further when grown on nutrient broth. See Table 9. 
d Phosphatase activities for these mutants were determined using the toluenized cell assay, and 

the values converted to the comparable degree of de-repression in terms of mpmoles phosphate 
per mg protein per hour of experimental and control o&urea. All other assays were performed 
according to Ames, Carry 8t Herzenberg (1960). 

Specific activities were assayed by the method of Ames, Carry & Herzenberg (1960). All cells 
were grown in the presence of excess histidine. 
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elevated concentrations (2%) of glucose or other fermentable carbon sources in the 
medium (Fig. 1 in Roth Lb Hartman, 1966). The wrinkled phenotype is not expressed 
on O*2o/o glucose, although the concentration of glucose has no sign&ant effect on 
the levels of histidine biosynthetic enzymes (Table 2). Mutants selected for resistance 
to TRA were examined for colony morphology on medium containing 2% glucose. 
Only those mutants which formed wrinkled colonies were studied further. In every 
case tested, wrinkled colony farmers had high enzyme levels for the histidine bio- 
synthetic enzymes and presumably carried an altered regulatory element for the 
histidine operon. 

Repressed enzyme levels of histidinol phosphate phosphatese and doubling times 
for some TRA-resistant, de-repressed mutants are presented in Table 3. All mutants 
tested were able to de-repress further when grown on limiting histidine (Table 4). 
This suggested that the mutants tested possessed altered regulatory mechanisms and 
that in none of these cases had a regulatory element been completely destroyed. 

TABLE 4 

Purther de-repression of constittiive mutants 

Experiment Strain 
De-repression of the histidine operon 

Excess histidine Limiting histidine 
(relative specific activity) 

hiaHlOY (control) 
hi801202 hisHlOY 

1 hiaR1203 hisHlOY 
h&R1208 hiaH 
hisS1209 hiaEIlOY 
ha-d1211 hiaHlOY 

1.0 3.0 
7.0 16.0 

11.0 18.5 
17.0 26.5 

1.5 9.5 
7.5 22.5 

2 his046 (control) 1.0 13.9 
h&O1812 hi&46 10.2 20.1 

3 hiaH (control) 1.0 17.1 
htiT12OY hiaHlOY 8.6 33.2 

All strains were grown on minimal medium containing 0.2% glucose as carbon source. Reps-eased 
enzyme levele were determined in the presence of excess histidine, usually 50 pg/ml. Additional 
de-repression was measured as follows: 

Experiment 1: Cultures were started with 4 pg r,-histidinelml. and cells harvested 45 min after 
histidine was exhausted. 

Experiment 2: Cultures were grown on 160 pg histidinol/ml. 
Experiment 3: Cultures were grown on 0.4 mna-adenine. 
Since hiaHlOY is a “leaky” histidine mutation, strains carrying this lesion can de-repress in the 

absence of exogenous histidine; such de-repression is enhanced by adenine. In each case activities 
are presented aa the specific activity of histidinol phosphate phosphatase relative to the repressed 
level of the control culture run with each experiment. In experiment 1, the assay of Ames, Carry 
& Herxenberg (1960) was used; in experiments 2 and 3, the toluenized cell assay of Ames, Hartman 
& Jacob (1963) was used. 

(c) The his0 mutants 

Three of the TRA-resistant mutants have been designated his0 on the basis of 
their high levels of repressed enzyme end map position adjacent to the structural 
genes of the histidine operon. 
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The map positions of hilis0 mutations were first determined by selecting proto- 
trophic recomb&& from transductional crosses between recipients carrying a histi- 
dine deletion mutrttion and donors carrying only the his0 mutation. Positions of the 
deletions tested and results of the crosses are indicated in Fig. 1 for mutant hisO1202. 
If his01202 were located within the material homologous to that deleted in a reci- 
pient, all prototrophic recombinants were expected to carry the his01202 mutation 
of the donor and, consequently, to form wrinkled colonies. If, on the other hand, 
his01202 were located outside of the deleted region, some of the his’ recombinants 
which received the deleted region from the his01202 donor would fail to receive also 
the his01202 mutation and would form smooth colonies. All of the deletion mutants 
numbered 1300 or larger are derived from hisG203 and presumably represent exten- 
sions et the ends of the parental deletion (Ames, Hartman & Jacob, 1963). The single 
smooth colony found on the selection plates of the cross with hisGl300 is assumed 
to be either a revertant of the his0 mutation or a modifying mutation in the recipient 
which prevents expression of the rough phenotype. This assumption is based on the 
fact that no such colonies arose from the cross with hisG203, a smaller deletion 
mapping within the deleted region of hisGl300. From the data presented in Fig. 1, 
it was inferred that his01202 lies within the hieG203 deletion and thus must be 
located in the right-hand end of the hisG gene or else outside of the structural genes 
of the histidine operon. 

, 
Genes E I F A H 6 C D #G ;4,ts I 

I I I I I I I I I 
135 la,,, 

w 612 1304 w 

w 712, !303 w 
1302 w 

j301 w 
1300 w 

&s-deletions his-deletions metEt ilvCf 

Recipient strain I35 612 712 63 1300 1301 1302 13o3 NO4 203 338 401 

RecombFcin;ecAonies 

his01202+ recombinants 
(smooth colonies) 

%Carrying recipient 
hisO+ allele 

Operator location 

1007 37 765 909 2000 2000 2000 2000 3320 6792 542 2300 

300 IO 55 0 1 0 0 0 0 0 542 2300 

27.6 27.0 73 < 0.1 0~04’<0~05 -=o.os -=o 05 co.03 <0,02 100~0 100~0 

Outside deleted 
region but linked Within deleted region 

Unlinked to 

to it these loci 

FIQ. 1. Transduction tests with phage grown on h&01202. Tests performed as described in 
section 2(o). 

Presence of 100% smooth (C01202+) colonies in tests with n&E and &C recipients ($ = 
controls) and presence of wrinkled colonies (W1202) in tests with J&- deletion mutants show 
that tiO1202 is unlinked to the former loci and linked with the latter. The results obtained with 
various hie- deletion mutants further confme the location of h&301202 to the “right” end of the 
histidine operon. The dagger (t) indicates one probable spontaneous mutant (see text). 

21 
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(ii) Three-point crosses 

The his0 mutations lie to the right of all known bistidine mutations, that is, very 
close to those sites at the extreme right end of the histidine region as the map is 
generally drawn. This conclusion is based on three-point transduction tests. Reci- 
pients were h&G46 his0 double mutants; donors were various point mutants in the 
hi& gene. Results of such crosses and the cross-over positions which best account 
for these results are presented in Fig. 2, With donor lesions located to the right of 
hieG46, the percentage of the recombinants which received the donor’s wild-type 
operator allele (through quadruple cross-avers) was much lower than the percentage 
which received the same allele (through double cross-over) when the donor lesion was 
located to the left of hisG46. From these results, it was inferred that all three operator 
mutations were located either to the right of all known histidine mutations or else 

Donor lesion left of 646 

Donor: 
(O+ requires double event) 

Event selected: $- 0+ 

----- his+ 0 
4:6t 

-his+O+ :, L- - _^ -- -- 
Recipient: 

6+ 46 0 

Left of G46 

Donor lesion right of 646 
(Of requires quadruple event) 

46+ G- O+ 

46 G+ 0 

Riaht of G46 

' m,u:;&;;;d [WI 428172 (337[618 841 521) ([611 205 2001255 638 70) 

hisG46 
hiso/zoz 

Recipient 

/ 

No. of 
recombinants 18 36 42.207 57 48 60 

tested : 

% of Of among recombinants: 100 80 76 91 91 79 80 

i 

No. of + 
hkG46 recombinants 40 79 NT 64 NT NT 56 

hiso/ tested: 

Recipient 
% of O+amongt recombinants: 30 34 NT 55 NT NT 50 

No. of 
hisG46 recombinants 31 17 NT 75 NT NT 5 

hisomz tested: 

% of O+among 
recombinants: 

77 100 NT 84 NT NT 100 

38 160 44 59 17 25 

3 8 7 2 23 20 

22 41 NT 32 15 49 

4.6 24 NT 9.4 IS 2 

II 74 NT 36 NT 3 

9.1 9.5 NT 28 NT 0 

Fro. 2. Location of his0 mutations through three-point transduction tests. 
Phage grown in auxotrophic mutants defective in the hi& gene W&B used in transduction tests 

with various h&U46 hti0 double-mutant recipients. Prototrophic reoombinants were scored for 
the frequency of appearance of the unselected his0 mutation (wrinkled colony formation) as 

opposed to hisO+ (smooth colony formation). The map of the h&G locus is that of Loper, Grabnar, 
St&l, Hartman & Hartman (1964). The order of mutant sites in the “right” end of hiscf is now 
known to be: (70-638) ([Sll-205ZOO] 266). Sites in brackets are not separable by transduction 
tests; sites in parentheses have not been ordered. 

t, Includes spontaneous revertants of h&Q46 all of which carry his0 and form wrinkled colonies; 
$, percentage presented may be lower than true values since some spontaneous rev&ants are 
sood as wrinkled recombinants; NT, not tested. 
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very close to those known sites lying at the extreme right-hand end of the gene hisG. 
Thus, results are consistent with a location of all three his0 mutations at the extreme 
right-hand end of the operon either within or beyond the structural gene. 

Evidence that wrinkled colony-forming recombinants scored in mapping his0 were 
in fact de-repressed is presented in Table 5. High enzyme levels accompany wrinkled 
colony morphology in each case. 

TABLET 

Enzyme levels in recomkants 

cross 
Colony Histidinol phosphate 

genotype morphology phosphatase 
selected (specific activity) 

hid203 x hid1202 
hi&203 x hid1202 

hieD hid46 x l&O1202 

hiaD hkG46 x hid1202 

hiaD hisG46 x his01202 

h&D1 hid46 x his01202 

hiaD hid46 x his01202 

hiaB203+ W 
hid+ w 
tiD+ 
hi&+ 

W 

hiaD + 
hi&- 

W 

hiaD + 
hi&- 

W 

hisD + 
hi&- 

S 

h&D + 
hid- 

S 

2.8 
2.4 

2.0 

2.2 

2.7 

0.1 

0.1 

In each cross the selected recombinant received donor material for the hi&dine region. The 
recipient strains are listed first in presenting the cross. Cells for enzyme assays were grown on 
miniil medium containing 50 rg r.-histidine/ml. The histidinol phosphate phosphataae assay of 
Ames, Carry & Herzenberg (1960) was used. (W, wrinkled; S, smooth.) 

(iii) Recombilzation between his0 mutations 
Since all three his0 mutations seemed to be located at the same place, the right- 

hand end of the hisG gene, crosses were made to determine whether recombination 
between his0 mutations could be detected. Such recombinants were first sought using 
the his0 mutations as unselected markers in transductional crosses between a double- 
mutant recipient, his846 hisO, and a donor strain carrying a different his0 lesion. 
The frequency of his0 + (smooth) recombinants (No-01 %) was too low for convenient 
analysis. In order to facilitate detection of recombinants, use was made of an obser- 
vation by M. J. Voll (personal communication) that constitutive mutants grow poorly 
at 42°C whereas wild-type cells grow well at this temperature. This temperature 
sensitivity seems to be a consequence of de-repression of the hi&&line operon. 

Crosses were performed using a double mutant, hisG46 h&O, as recipient and a 
second his0 mutant as donor. Results of these crosses are presented in Table 6. 
The data in Table 7 indicate that the smooth colony recombinants exhibit the hisO+ 
phenotype. It is concluded that recombination can occur between his01812 and the 
other two his0 mutations, but not between hi801202 and his01242. Thus, at least 
two sites are present in the his0 region; if the lesions in these strains are deletions, 
they do not overlap. 

The basal (repressed) enzyme levels for his01202 and his01242 are quite different 
(Table 3). Therefore, all three his0 mutations can be differentiated either on genetic 
or on biochemical grounds. 
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TABLE 6 

Percentage of his0 + recombiruztis in transduction tests between his0 mutations 

Reoipients Donors 

846 01202 
646 01242 
G46 01812 

his01202 
<o*02yo (O/5310) 
<0*02% (O/4635) 

0.05% (l/1983) 

hi801242 
<O*Ol% (O/7302) 
<0*07x (O/1634) 

0.01% (l/7023) 

ha%01812 
0.07% (13/18813) 
0.3% (38/12705) 

<O*Ol% (O/8412) 

Histidine-requiring (K&46)-hi80 double mutants were infected with phagge grown on hia 
mutants. Bacteria were plated on minimal medium containing 2% glucose. The percentage of 
smooth (hisO+) reoombixmnts among prototrophic (k&46*) clones is shown for eaoh test. In 
parentheses the ratio his0 + hisG46 + /total hid46 + is indicated. The results are pooled for replicate 
experiments. In some experiments the transduction plates were incubated at 37°C. En other 
experiments, the plates were incubated at 20% for 15 hr to allow expression of the hti0 + genotype 
and then incubated for two more days, either at 37% or at 42’C. The three methods produced 
concordant results. 

The data indicate that the order of mutant sites may be G46 (01202 01242) 01822. 

TABLE 7 

Repressed enzyme level% in smooth (his0 ‘) recombinunts of crosses between his0 mutants 

Recipient Donor Fold de-repression 
(relative specific activity) 

G46 01242 01812 1.1 
o-9 

CJ46 01262 01812 0.9 
0.8 

646 01812 01242 0.7 

G46 01812 01202 I.1 

Controls 

046 zl 

646 01812 7-l 

846 01202 5.0 

046 01242 20-9 

Cultures of G&46+ GO+ reoombinsnts were grown on minind medium containing 50 m 
L-hi&dine/ml. Cells were harvested while still in log-phase and histidinol phosphate phosphatase 
was assayed with the toluenised cell essay of Ames, Hartman & Jacob (1963). 

Fold de-repression is the specSlo activity of phosphatese relative to that of hi&46 and is 
indicated separately for each recombinant clone examined. 
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(d) 2% h&R mutants 

315 

A second class of TRA-resistant mutants, hisR, hm been mapped previously (Roth 
&I Hartman, 1965; Roth Lb Sanderson, 1966) and found to lie between the metE and 
the iZvA loci (Fig. 3). HisR mutants, like hisO, have abnormally high repressed levels 
of the biatidine biosynthetic enzymes and are able to de-repress further these levels 
when grown under conditions of limiting histidine (Table 4). 

thr 

FIG. 3. Chromosome map of Salnwwelb &yplbhwium showing approximate loo&ions of hti loci. 
The map ia bwed on that of Sanderson & Demerec (1966) with additions described in this 

report. Approximate loo&ions of several markers ere inoluded for purposes of orientation: thr 
(tbreonine), pro (proline), ~a2 (galaatose) and try (tryptophan). 

The nature of the hisR gene product and its role in repression have been investi- 
gated by Silbert et al. (1966). They find that hisR mutants have approxinmtely 55% 
of the normal level of his&line-specific tRNA acceptor activity, whereas none of the 
other classes of constitutives shows such a, reduction. This suggests that the hisR 
gene is involved, dire&y or indirectly, in the production of histidine-specific tRNA. 

(i) General prqerties 
(e) The hiss mutants 

The class of mutants designated hiss was dikrgukhed from other classes by: 
(1) requirement of abnormally high histidine concentrations for maximal repression; 
(2) possession of low specific activities of histidyl tRNA synthetase; end (3) a distinct 
location on the genetic map. It was first noted that several hiss mutants formed 
wrinkled colonies on nutrient egar containing 2% glucose, but normal, smooth- 
appearing colonies on minimal medium supplemented with hi&line. After hisHlO7+ 
derivatives were made of the original hisH107 hiss double mutants, it was possible 
to measure the enzyme levels of these strains on hi&&dine-free medium. This study 
revealed that hiss mutants required abnormally high levels of histidine in order to 
repress the histidine biosynthetic enzymes (Table 8; see also Table 1 in Roth & Ames, 
1966). Nutrient agar medium apparently did not contain sufficient hi&&line to cause 
repression in these mutants. 

Wild-type cells grow on miniml~l medium with repressed levels of the histidine 
biosynthetic enzymes. In contrast, the above experiments show that hiss mutants, 
hisSl210, hid1211 and hi8Sl520 require exogenous biatidine for maximal repression, 
although each has an intact histidine region. Apparently the normal internal pool of 
hi&dine is not sufficient to result in repression of these mutants. In the case of 
hisSl211, even excess exogenous histidine cannot repress enzyme levels completely. 
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TABLES 

strain 
LHistidine 

concentration 
(-1 

Histidinol phosphate phos- 
phataee (speoifk aotivity) 

h&S1210 hiaHlO7+ 0 13.8 
0.01 16.4 
0.04 2.6 
0.07 1.9 
0.10 2.8 
0.16 2.9 
I.00 1.0 

hid’1211 hiaHlO7+ 0 24.9 
0.3 9.9 
3.0 10.0 

10.0 9.4 

LT-2 wild type 0 2.6 
0.16 1.8 

cella were grown on minimal medium with the mdi&ed histidine concentration. Histidinol 
phosphete phosphatase was measured by the toluenized oell assay of Ames, Hartman & Jacob 
(1963). 

TAFJLE~ 
Properties of hi& mutants 

Histidvl 

strain 

Histidinol phosphate tRNA 

Doubling time (mm) phosphatase synthetase YLbBcI Colony Colony 

minimal nutrient (speoifk aotivity) 
(relative morphology norphology 

mediumt broth minimal nutrient pool specific 

mediumt broth mediumt minimal aotivity) mini- broth ‘y) mini- broth 
llbl malt malt 

medium? 

hid’1209 hinEIl 
hid1210 hiaHlO7 
h&3S1211 h&H107 
hi&‘1213 h&H107 
hid’1219 hiaH 
hid1208 h&H107 
(oontrol) 
his01202 h&H107 
(control) 
h&H107 
(oontrol) 

46 (3) - 0.4 (7) 3.9 (2) 04 0.05 (6) s w 
64 (3) 36 (1) O-9 (6) 2.7 (3) 0.7 0.1 (3) s w 
55 (8) 50 (1) 3.9 (7) 6.4 (4) 4.2 0.16 (7) W W 
66 (2) - 3.4 (1) - - 0.06 (1) S W 
62 (2) 31 (1) 1.8 (1) 2.9 (1) - O-08 (1) s w 
66 (7) - 4.6 (8) 4.6 (3) - 1.12 (4) w w 

60 (6) - 3.3 (6) - - 1.07 (4) w w 

47 (9) 29 (1) 0.6 (12) 0.2 (3) - zl.00 S W 

Numbers in parentheses are the number of times the particuler assay has been made. 
W, S. these letters stand for wrinkled (W) and smooth (S) colony former. The h&S mutants 

have low specific activity of the histidyl tRNA synthetaae and have higher basal levels of histi- 
din01 phosphate phosphatese on nutrient broth medium than on minimal medium. 

t Supplemented with 60 pg I;-histidine/ml. Strains were sometimes used from which the 
parental hiaH mutation had been removed. This di&renoe hed no effect on the activities 
measured. The histidinol phosphate phosphatase assay of Ames, Carry & Hersenberg (1960) 
was used. 

$ Pool medium conteins 17 amino acids plue thiamine. 
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(ii) Involvement of histidyl tRNA synthetase 

317 

Another property unique to hid mutants is their low specifio activity of the 
h&tidy1 tRNA synthetase when measured in the transfer reaction (Table 9). In the 
two hid mutants tested, this decrease is due to an altered synthetase having a greatly 
increased K, value for hi&dine (Roth & Ames, 1966). Alternative explanations of 
the decreased activity, such as: (1) presence of an internal synthetase inhibitor, and 
(2) a regulatory effect on all aminoacyl tRNA synthetases, are deemed unlikely for 
mutant hisX1209. In an extract-mixing experiment, the presence of mutant extract 
had no effect on the activity of wild-type enzyme (Fig. 4). This argues against the 

0 1 2 3 4 5 
mg protein added x IO’ 

FIG. 4. Tests for the presence of an inhibitor in &S’1299 extracts. 
The transfer of [14C]histidine to tRNA was examined. Each assay was incubated 7 min. 

Gelatin (O-04 mg) was added to inareasing amounts of extract from hiaH in order to keep 
protein concentrations approximately oonstsnt. 

The extract of h&H107 catalyzed transfer of [~4C]histidine to BRNA, whereas the extra& of 
hid1209 promoted no detectable transfer. The negative slope of the h&S2209 ourve may reflect 
destruction of tRNA by nucleases in the crude extract. A tied amount (O-039 mg protein) of 
hid1209 extract was added to inoreasing amounts of hiaH extra&. No inhibition of the 
h&H107 enzyme activity w&s noted, indiaating that the low speaific nativity of histidyl-tRNA 
synthetase activity in h&S1209 extracts is not due to the presence of as. internal inhibitor. 

presence of an inhibitor in the mutant extract. The possibility of a regulatory effect 
on all synthetases is made unlikely by the observation that his81209 has normal 
aotivity of the leucyl tRNA synthetase (Table 10). More information on the nature 
of the hiss mutations is presented in an accompanying paper (Roth & Ames, 1966). 

(iii) iHay, position 

All hid3 mutations map near the strB locus and thus comprise a particular genetic 
class. This locus was mapped first through conjugational crosses involving Hfr donor 
strains (Roth, 1965). These crosses indicated that the hid locus was located between 
cysC and the histidine region, and very close to the purC locus. It was then attempted 
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TABLE 10 

Amino my1 tRNA syntibetase a&ivittie.s for hi&dine and leucine 

stmin Hietidyl tRNA synthetaae Leuoyl tRNA syntbetase 
(mciM/mg x mW @@f/mg x mW 

LT2 
hid1209 
tiHlO7 
ileA155 

0.764 l-84 

0.02 l-83 

to identify a transducing fragment which might cotransduce both hid and other 
genes known to be located within this region of the chromosome. For this purpose, 
phage grown on hisS mutants was used to transduce various auxotrophic mutations 
to prototrophy. The mutants used as recipients were indicated as located between 
the cysC locus and the histidine region (Sanderson & Demerec, 1966). Recombinant 
colonies were inspected for development of wrinkled colonies on minimal medium 
containing 2% glucose. If the hisS gene were contransducible with the auxotrophic 
mutation carried by the recipient, then some of the recombinant colonies would be 
expected to express the wrinkled colony phenotype of the donor hid mutation. 
Wrinkled colonies appeared among the recombinants from crosses between guuA and 
hiss and crosses between s&B and hiss (Table 11). Several of these recombinants 
were isolated, grown up on minimal medium and checked for enzyme levels. All were 
found to have de-repressed levels of histidinol phosphate phosphatase and abnormally 
low specific activities of histidyl tRNA synthetase (Table 12). Since these properties 
are characteristic of the donor strains in each case, these colonies were identified as 
true recombinants in which the mutant hiss allele had been co-transduced with the 
guaA + or the strB + allele. 

TABLE 11 

Tran&u&ion croaa~ with hiaS mutants 

8trB57 gwaAl w-49 
aroD 

Donor Colonies (% W) Colonies (% W) 
scored scored 

Colonies ( y0 W) g$nLy 
scored on,.....; 

Recipients 

LT2 (control) 180 0 3626 co.03 1720 <O-O6 200 <o-5 1118 <0.09 
tiS1209 866 8.3 429 <0*23 366 co.27 30 (3.3 - - 
h&S1210 614 7.6 1220 O-98 307 0.65 200 <0*6 - - 
hid31211 206 6.4 647 I.66 328 1.63 100 <l-O 1660 <0*06 
l&S1213 273 17.5 1622 0.19 1214 O-68 - - - - 
Jb&3s1219 96 9.4 1602 0.20 1363 0.66 623 <O-2 2877 <0.03 
?&s1520 749 8.7 3060 ().0(3 _ _ - - - _ 

Wrinkled (W) recombinant aolonioa result from crosses between hiaS donors and guaA or strB 
recipients. All hid m&a&a except hid1209 show such linkage to guaA1; none is linked to 
aroD or pwrF145. StrB is 8 mutetion whioh may be seleotod either for resistance to low oonoon- 
tmtione of streptomyoin or for a requirement for thiiine + nicotinic aoid (Demereo t Lehr, 
1960). In these experiments, strB67 (formerly deaign&ed nit-5) was trrmaduced to prototrophy. 
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TABLE 12 

Enzyme content of recombinatis of hid3 tran.duc&md cmws 

Strain 
Relative specific aotivity 

Histidinol phos- Histidyl 
phate phosphatase tRNA synthetaset 

wA1 
guaA9 
LT-2 
hid1210 tiH107’ 
guaA1 x hiaS 
(wrinkled recombinant) 
guaA9 x h&S1210 
(wrinkled recombinant) 
guaA9 x hid1210 
(wrinkled recombinant) 

hid1211 hieHlO7+ 
guaA9 x hid’1211 
(wrinkled recombinant) 
hiaS1213 h&H107 

guaA1 x h&S1213 
(wrinkled recombinant) 
guaA9 x f&d?1213 
(wrinkled recombinant) 

hid1219 hiaHlOY 
guaA9 x hid1219 
(wrinkled recombinant) 

l-2 Zl 
062 Sl 

-1 Sl 
5.3 0.10 
6.7 0.06 

5.6 o-13 

5.9 0.16 

9.6 0.15 
12.0 0.16 

1 0.06 

8.3 - 

11.7 0.21 

$ O-08 
6.1 o-31 

Recombinants were derived from crosses between recipient gmA mutants and donor h&S 
mutants. Selection was made for gua+ and wrinkled colonies were chosen. GuaA mutants were 
grown on 60 cup guanosine/ml.; hiaS1213, hiaHlOY snd hisS1219, hiaH were grown on 50 clg 
histidine/ml.; all other strains were grown on minimal medium. The histidinol phosphati phos- 
phatase assay of Ames, Garry & Hareenberg (1960) was used. 

TActivities are expressed relative to parental strain in each case. 
$ hiaHlO7+ derivatives of these strains were not available, so their enzyme levels on minimal 

medium oould not be determined. 

The transduction tests showed that the hias gene is co-transducible with the guaA 
and strB loci and, thus, is located very close to these loci on the genetic map (Fig. 5, 
below). This conclusion is supported by the finding that all of the hiss mutants 
tested were found linked to guaA or strB, whereas no linkage of his8 to other nearby 
loci (Sanderson & Demerec, 1965) was detected: ty (tyrosine), <O-045%: ph,e (phenyl- 
alanine), <0*008%; purC (purine), <0*06%; purI (purine), <0*097%; purG (purine), 
<0*0507~. 

(f) The hisT mutants 

The h&T mutanta have high repressed levels of the histidine biosynthetic enzymes 
and normal specific activity of histidyl tRNA synthetase. The hisT locus maps 
between the aroD and the purF loci on the Xalmonella chromosome. Trasduction 
data for these mutants are presented in Table 13. The data in Table 14 give evidence 
that the wrinkled colonies scored in the transduction tests are indeed hisbid,&- 

regulatory mutants. Since the linkage between aroD and purFl45 (Table 15,&l%) 
is weaker than the linkage of any hisT mutant to either of them, we infer that the 
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TABLE 13 

Tradwtiond crosses with hisT ntutants 

Donor pwF145 aroD 
Recipient 

gmL41 (control) me.@338 (control, 

(% w 

hiaT120?’ 2226 38.9 1068 19.1 1013 <O*lO 900 <O*ll 
hiaT1222 495 38.4 - - 395 < 0.25 702 <0.14 
hiaT 348 42.8 - - 650 <O.lb 609 <O-16 
h&T1227 405 38.6 - - 362 (O-28 430 (0.23 
hiaT 917 38.6 - - 238 to.42 1139 <0*09 
h&T1501 - - 1252 46.0 1081 <o-o9 1702 < 0.06 
hiaT 36 19.4 - - 4400 <o-o3 3600 <0*03 

hid1211 
(control) 1660 < 0.06 100 <l.O 547 1.6 1706 <O-O6 
LT2 (control) 1118 <o-o9 200 <O*b 3625 <o-o3 1310 (O-08 

W, Percentage of transductant colonies which have wrinkled morphology characteristic of 
de-repressed strains. 

TABLE 14 

Repressed enzyme kvels and colony morphology of parental strains and rewnabinantsof 
hisT transduction& crams 

Strain 
Histidinol phosphate 

phosphatase 
Colony 

(specific activity) morphologyt 
Additions to 

Parental strains: 
h&T1207 hi..sHlOI 3.4 
pwF145 0.5 

aroD NT 

hiaHlOY 0.5 

Wrinkled rccombinants: 
pwF145 x hiaT hiaH 4-4 
aroD x h&T1207 hiaHlO7 5.5 

W 
S 

S 

S 

W 
W 

60 pg n-histidinelml. 
20 pg adenoe.ine/ml. 
20 pg L-tyrosine + 

20 pg n-phenylalanine/ml. 
50 pg L-histidine/ml. 

None 
None 

Bacteria were grown on minimal medium to which the supplements listed in the last column 
were added. The histidinol phosphate phosphatase assay of Ames, Carry & Herzenberg (1960) 
was used. In the transduction tests from which wrinkled reoombinants were obtained, the 
recipient strain is listed first and the donor strain second. 

t Colony morphology: W, wrinkled, S, smooth. NT, not tested. 

hisT gene is located between the aroD and the purF loci. This conclusion is sub- 
stantiated by three-point tests (see also section (h) below). As yet, no biochemical 
alteration has been detected in hisT mutants. All strains tested (hisTl207, 1222, 
1227,150l) have normal levels of histidyl tRNA synthetase. No change in the amount 
of histidine-ape&c tRNA acceptor capacity has been detected in a h&T mutant 
(Silbert, et al., 1966). 
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TABLE 16 

Co-transduction of the aroD and purF loci 

Reciipient 

Donor 
aroD purFl45 

No. tested 
y0 with uuselected 

No. tested 
y0 with unselected 

pwF145 marker aroD marker 

pwF145 686 6.6 
aroD 488 10.6 

(g) Unclassi$ed mutan.8.s 
Only four genetically distinct classes of TRA-resistant hi&dine regulatory mutants, 

h&O, hisR, hi&I and I&T, have been found. However, several mutants remain which 
do not, at present, fit into the four categories delineated by transduction tests (i.e., 
show joint transduction with other appropriate markers). This may mean that 
additional classes remain to be found. Mutant his-1509 may belong to the hi8R olass 
since, like some h&R mutants, it has a decreased amount of hi&dine-specific tRNA 
acceptor capacity (Silbert et al., 1966). Several other possible explanations may apply 
to other unclassi6ed mutants: (i) they may represent non-transducible chromosomal 
aberrations; (ii) they may fail to elicit de-repression in the new genetio background; 
(iii) they may elicit high basal enzyme levels in the new genetio background but are 
unable to show the wrinkled colony phenotype; and (iv) they may be lethal in the 
new genetic background. Material is now available to map genetically several of 
these mutations by conjugation tests. Location of these mutations may reveal 
whether or not additional genetic classes of TRA-resistant mutations exist. The 
currently unclassified mutants are: his-1206, -1502, -1817, -1818, -1819, -1820, -1821, 
-1822, -1823, -1824 and -1825. 

(h) The purG-m&G region of the Salmonella chromosome 
During studies on the map locations of h&S’ and hisT mutations, the genetio map 

of Sanderson & Demerec (1965) has been partially re6ned (Fig. 5). The orientation 
of purG-gZyA was established by Demerec C?L Ohta (1964). The map also includes 

purG g&A strB hid (guaA guaB)(purI purC) (hisP porF hisT aroD) n&G 05 rouB &km 

kc+ 
+0.3- +--25--w +---25---t f- 0 * 

A 2 t k-&--+ 
4 .o 

FIQ. 6. Revision of a portion of the Shnella typhimurium linkage map. 
The map depicts the region of the chromosome designated 65 to 80 by Sanderson & Demerec 

(1965). Values are approximate co-transduction frequencies. 0 means less than 1% co-transduc- 
tion. Parentheses indicate that the relative order of markers has not been established. Abbrevia- 
tions for the markers may be found in Sanderson & Demerea (1965), Shifrin, Ames & Ferro-Luzsi- 
Ames (1966), or are introduced in this report. 
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unpublished data of M. Demerec (purG-&A interval), G. FerroLuzzi-Ames (hisP- 
aroD interval) and J. S. Gots (intervals for guaA-guaB-purI-purC in extension of 
data of Ozeki (1959)). Gene locus cyaA, formerly indicated as being located approxi- 
mately in this region of the SalmoneUa chromosome (Sanderson & Demerec, 1965), 
is not linked by P22-mediated transduction tests (less than 1% co-transduction) with 
purG, strB, quaA, guuB, purl, purC, purF, aroD or m&G (Maxine Levinthal, personal 
communication). The 05 and rouB loci, indicated in Sanderson & Demerec (1965) 
as in this region, are now thought to be located between m&G and the his operon, 
closer to the his operon than to metG (Mlikelli, 1965; Johnson, Krauskopf & Baron, 
1965; N. Nikaido & Mark Levinthal, unpublished work). 

4. Discussion 
A search for regulatory mutants for the histidine operon has yielded four geneti- 

cally distinct classes. These mutants, similar to mutants in other systems, have been 
called regulatory mutants because of their inability to control normally the function 
of the related operon. Data presented in this paper and in the two accompanying 
papers indicate that two of the presumed regulatory genes, hiss and hisR, are in- 
volved respectively in the production of histidyl-tRNA synthetase and histidine- 
specific tRNA. Thus, these two genes may function solely to produce the ‘Yrue” 
end-product of the pathway, histidyl-tRNA. They may not, therefore, have a direct 
role in the regulatory mechanism and not be true regulatory genes. The finding of 
so many regulatory genea, and the possibility that two of these may not have a 
singular regulatory function, emphasizes the difficulty of identifying a true regulatory 
gene without a knowledge of its biochemical function. 

Available data on the regulatory mutants are consistent with several models of 
the control mechanism. If one considers histidyl-tRNA the co-repressor and hiaT 
the regulator gene producing the aporepressor, then the data can be reconciled with 
the operon model of Jacob & Monod. It should be noted, however, that several hid’ 
mutants manifest slower growth rates on excess histidine, a fact inconsistent with 
a purely regulatory role for the hisT gene. Furthermore, hi8T mutants are not maxi- 
mally de-repressed, suggesting that none of these mutations completely destroys the 
capacity to repress the hi&dine operon. 

Several alternative mechanisms for the regulation of the histidine operon have 
been previously discussed (Roth et al., 1966). We now favor a control mechanism 
acting at the level of messenger RNA translation in which histidyl-tRNA, or a 
derivative of it, acts directly to block translation of the histidine operon messenger. 

!l!his work wae supported, in part, by research grant 5 ROI AI01660 of the National 
Institute of Allergy and Infectious Diseases, U.S. Public Health Service. One of us 
(D.N.A.) held a fellowship from Consejo National de Investigaciones Cientificas y T&z- 
nicas, Argentina, while another (J.R.R.) held U.S. Public Health Service Fellowship 
l-Fl-GM-19,620. 
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