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Deoxyribonucleic acid isolated from argA and argECBH transducing phages
was utilized to study the in vitro synthesis ofargA, argE, and argCBH messen-
ger ribonucleic acid. The specific regulation of these operons by the arginine
holorepressor was demonstrated, providing evidence that the majority, if not all,
of the control of these operons is exercised at the transcriptional level. Data are
presented which indicate that the arginine holorepressor functions by binding to
the operator region and concomitantly prevents the binding of ribonucleic acid
polymerase to the corresponding promoter region.

The genes involved in arginine biosynthesis
are scattered around the Escherichia coli chro-
mosome, constituting a regulon with six or
seven distinct operators (1, 16, 17) controlling
nine genes (Fig. 1). The arginine genes ECBH
are continuous, and studies have been pre-
sented (11, 20, 35, 38) that indicate that the
argECBH gene cluster is a bipolar operon di-
vergently transcribed from an internal control
region situated between argE and argCBH.
Further analysis (1, 5, 15) of this gene cluster
suggested that one operator controls argE with
transcription oriented counterclockwise and
that another operator controls the argCBH
genes with transcription oriented in the oppo-
site direction. Extensive genetic studies by
Bretscher and Baumberg (3), employing four-
factor crosses and deletion mapping with mu-
tants involving the argE and argCBH control
regions, have not provided a definite answer
regarding the structure of this important re-
gion controlling the divergent transcription of
these two operons. However, the data of these
workers seem to exclude the possibility of one
operator controlling both operons.
The results of in vivo studies have demon-

strated that the synthesis of enzymes in the
arginine pathway is repressed when wild-type
cells are grown in the presence of arginine and
is derepressed in the absence ofexogenous argi-
nine (16, 17, 29). It has been demonstrated (21,
29) that the argR gene product is a protein,
which, in concert with a corepressor, regulates
the synthesis of all the arginine genes in a
coordinate but nonparallel manner. The exact
nature of the corepressor for the arginine path-
way is unknown, but data have been presented
(4) that suggest that arginyl-transfer ribonucleic
acid (RNA) is not the corepressor, and the pre-

liminary results of Cunin et al. (7) suggest that
arginine may be the corepressor for the
argCBH operon.
The question of whether the argR gene prod-

uct functions at the transcriptional or transla-
tional stage has not been answered definitively
for all the genes in this regulon; however, Sens
and James reported (42) that a minimum of95%
of the regulation of the expression of the argF
gene is mediated at the level of transcription.
The studies of Sens, Natter, and James (sub-
mitted for publication) have confirmed the
notion that the majority, if not all, of the regu-
lation of the argF gene is effected at the tran-
scriptional stage, and these workers have
shown that the argI gene is also controlled at
this level. Hybridization studies have been per-
formed (6, 8, 23, 24, 25) in which the level of
argECBH messenger RNA (mRNA), produced
in vivo by the argECBH cluster, has been mea-
sured under conditions of repression and de-
repression by hybridization to deoxyribonucleic
acid (DNA) isolated from a number of special-
ized transducing phages carrying the argECBH
gene cluster, and it was demonstrated that the
levels ofargECBH mRNA and the correspond-
ing enzymes do not correlate. Lavell6 and De-
hauwer (26) reported similar results for the
tryptophan operon of E. coli and proposed two
regulatory systems: one controlling transcrip-
tion ofDNA, and another controlling the trans-
lation of the resulting mRNA. McLellan and
Vogel (31) proposed a similar mechanism for
the regulation of the arginine regulon based on
studies of the argECBH gene cluster. However,
the recent results of Bertrand et al. (2), involv-
ing studies of the tryptophan operon, provide
evidence for the existence of a second regula-
tory site, the "attenuator," functioning at the
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FIG. 1. Simplified genetic map of E. coli K-12.

transcriptional level, which accounts for the
discrepancy in mRNA and enzyme level. Thus,
the development of a thorough understanding
of the precise mechanism for the regulation of
the arginine regulon will depend upon the fur-
ther development of both in vivo and in vitro
systems for the analysis of the products of the
various genes of the arginine regulon.
The gene coding for the first enzyme of the

arginine biosynthetic pathway, argA, has re-
ceived little attention in studies regarding the
control of gene expression in the arginine regu-
lon. One reason for this situation is the insta-
bility of this enzyme, N-acetylglutamate syn-
thetase (EC 2.3.1.1), even in crude extracts of
E. coli; however, the synthesis of this enzyme is
repressible, and also the enzyme is subject to
feedback inhibition (27).

In this work the in vitro transcription of the
argA, argE, and argCBH operons was studied
by using cytoplasmic extracts of E. coli and
DNA isolated from specialized transducing
phages carrying these arginine genes.

MATERIALS AND METHODS
Materials. Trizma base and dithiothreitol (DTT)

were purchased from Sigma Chemical Co., St.
Louis, Mo. All radioisotopes were obtained from
New England Nuclear Corp., Boston, Mass. Uri-
dine, adenosine, guanosine, and cytidine 5'-triphos-
phates (UTP, ATP, GTP, and CTP, respectively)
were supplied by P-L Biochemicals, Inc., Milwau-
kee, Wis. Polyuridylic acid-polyguanylic acid [poly-
(U-G)] was purchased from Biopolymers, Inc.,
Cleveland, Ohio, and had a U-G ratio of 1.9:1.
Electrophoretically purified deoxyribonuclease
(DNase) and ribonuclease (RNase) were obtained
from Worthington Biochemicals Corp., Freehold,
N.J. Spectinomycin and streptolydigin were the
generous gifts of The Upjohn Co., Kalamazoo,
Mich. Selectron B-6 filters were supplied by Arthur
Thomas Co., Philadelphia, Pa. Media were pur-
chased from Difco Laboratories, Detroit, Mich. Ce-
sium chloride was obtained from Columbia Organic
Chemicals, Columbia, S.C.

Media. Bacteria used for the preparation of phage
stocks and cell extracts were grown in L-medium

(28). Bacteriophages were titered on TYE plates in
H-top agar (18). F-top agar was used for plating cells
on minimal medium (33). Selection plates contained
medium A (9) and supplemental growth factors as
required, 2% agar, and 0.5% glucose as the carbon
source. Supplements were used at the concentra-
tions previously described (13).

Bacterial strains and bacteriophages. The geno-
type and origin of bacterial strains and bacterio-
phages used in this work are listed in Table 1.

The specialized transducing bacteriophage Xh80-
dargECBHl, which is the parent of the hybrid
phage used as DNA template in this work, was
isolated by Press et al. (39) by the technique of
episome fusion. From this 480dargECBH phage, a
hybrid phage, Oh80dargECBH1, was constructed (P.
James, unpublished data). This was found to have a
density similar to that of its helper phage which
severely hindered separation of the transducing
phage from the helper phage. When DNA isolated
from Xh8OdargECBHl was used as hybridization
probe for the determination of the derepressed/re-
pressed ratio ofargE and argCBH mRNA formed in
vivo, a ratio of about 2 was determined. It was felt
that this low ratio was a result of hybridization of
mRNA from other bacterial genes, neighboring the
argECBH operons, to the complementary DNA se-
quence carried on the specialized transducing phage
(due to the relatively large amount of bacterial in-
formation carried on this phage). A light mutant
(lower density) of the Xh8OdargECBHl transducing
phage was isolated by the ethylenediaminetetraace-
tate (EDTA) procedure of Parkinson and Huskey
(37). This selection resulted in the isolation of a
phage, Xh8OdargECBH2, that possessed a much de-
creased density and greatly facilitated the purifica-
tion of the bacteriophage (M. Cleary, unpublished
data).
The specialized transducing phage XdargECBH26

was constructed from an att lambda deletion strain
(KY3304) into which XcI857sus xis6Ab515Ab519 was
inserted into the bfe gene by the technique of Shi-
mada et al. (43). The bfe gene is located less than 1
min from the argECBH gene cluster, and the subse-
quent induction of this strain gave rise to the
XdargECBH26 transducing phage (W. Natter, D.
Sens, and E. James, unpublished data). Subsequent
characterization of this phage revealed that it was
easily purified from helper phage, that the light
DNA strand of XdargECBH26 carried sense infor-
mation for argCBH, and that the heavy strand car-
ried sense information for argE (W. Natter, D. Sens,
and E. James, submitted for publication).
The specialized transducing phage XcI857dargA2

was isolated by Sens and James (unpublished data)
as a light mutant ofXcI857dargA by the procedure of
Parkinson and Huskey (37).

Construction of RNase-negative strains. An
overnight culture of cells was subcultured and
grown to the late log phase in L-medium with glu-
cose. A 1-ml amount of this culture was centrifuged,
washed with TM buffer, and resuspended in 1.0 ml
of TM buffer. [TM buffer is (per liter): tris-
(hydroxymethyl)aminomethane (Tris), 24.2 g;
maleic acid, 23.2 g; (NH4)2SO4, 1.0 g; MgSO4-7H2O,
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TABLE 1. Bacterial strains and bacteriophages

Strain Genotype Source
E. coli
CA8000 HfrH thi J. Beckwith
DF634 thi leu his pyrB strA D. Fraenkel
GJ1 thi (proAIB argF lac)A argI RNase NTG mutagenesis of GL5

with low-RNase pheno-
type

GL5 thi (proAlB argF lac)A argI N. Glansdorff
JC12R15 thi met purC argR15 SpDr lac xyl mel G. Jacoby
KY3304 thi bfe (XcI857xis6A515SAb519) H. Yamagishi
MA4A4 thi argA (XcI857) (XcI857dargA) N. Kelker
MG427 thi (ppc argECBH)A strr G. Jacoby
EJ113 thi (proAIB argF lac)A argI argR15 spcr GL5 x JC12R15
EJ113* thi (proAlB argF lac)A argI argR15 RNase SpCr NTG mutagenesis of EJ113

with low-RNase pheno-
type

EJ123 thi argA (AcI857) (XcI857dargA2) Our collection
EJ142 thi (ppc argECBH)A strr (Xh80cI857) (Xh8OdargECBH2) M. Cleary
EJ217 thi (ppc argECBH)A strr (XcI857S7) Our collection
EJ218 thi (ppc argECBH)A strr (XcI857S7) (XdargECBH26) Our collection

Bacteriophage
4)80 L. Gorini
,080dargECBH R. Press
Xh80cI857 L. Gorini
Xh80dargECBH2 M. Cleary
XcI857S7 N. Kelker
XdargECBH26 Our collection
XcI857dargA N. Kelker
XcI857dargA2 Our collection

0.1 g; Ca(NO3)2, 5.0 mg; and FeSO4 7H2O, 0.25 mg.]
To the cell suspension was added 0.1 ml of a solution
containing 1 mg of N-methyl-N'-nitro-N-nitroso-
guanidine (NTG) per ml, and the mixture was incu-
bated at 37°C for 30 min without aeration. The mu-
tagenized culture was then washed three times with
TM buffer, resuspended in 1.0 ml of TM buffer, and
diluted to give a concentration of 5,000 viable cells
per ml; a 0. 1-ml quantity was then spread on each of
100 TYE plates. The plates were incubated over-
night at 30°C and then replica-plated onto fresh TYE
plates. The master plates were stored at 4°C, and the
replica plates were incubated at 30°C for 3.5 h. (GSA
is 0.7% agar, 0.4% EDTA, and 3.0% yeast RNA
[Sigma] adjusted to pH 7.0.) After 3.5 h of incuba-
tion, 1.0 ml of 1.0 N HCl was added to each plate,
and any colony not surrounded by a clear halo was
scored as RNase positive, located on the master
plate, purified by streaking to single colonies, and
retested for the RNase phenotype.

Propagation and purification of bacteriophages.
The bacteriophages Xh8OdargECBH2, Adarg-
ECBH26, and AcI857dargA2 were propogated from
the appropriate lysogenic strains as described by
Miller (32). Bacteriophages were purified as de-
scribed previously (22, 41).

Resolution of phage DNA strands by poly(U-G).
Strand resolution of bacteriophage DNA by com-
plexing with poly(U-G) was performed as described
by Hradecna and Szybalski (19) with the modifica-
tion of Sens et al. (41).

Isolation of DNA. Bacteriophages were purified
immediately prior to isolation of DNA by centrifu-
gation to equilibrium in a cesium chloride gradient
(density, 1.5 g/cm3). Extraction ofDNA for use as a
template for in vitro transcription was performed as
described by Miller (32) and for use in binding to
nitrocellulose filters as described previously (41).

Preparation of cell extracts. Cell extracts were
prepared from strains EJ113* and GJ1 by the
method of Miller (32). The S-30 cell extracts were
dialyzed twice against 50 volumes of buffer contain-
ing 20 mM Tris-hydrochloride (pH 7.9), 15 mM
MgCl2, 150 mM KCl, 1 mM DDT, and 2 mM L-
arginine and were then stored at -70°C. Care was
taken to select S-30 cell extracts prepared from
strains carrying the argR and argR+ alleles, which
were equally efficacious in directing the in vitro
synthesis of (8-galactosidase as described below.

In vitro trancription. Standard reaction mixtures
for in vitro transcription contained (per milliliter):
Tris-hydrochloride (pH 7.9), 23 mM; MgCl2, 15 mM;
KCl, 150 mM; DDT, 1 mM; L-arginine, 1 mM; ATP,
UTP, and GTP, each at 0.15 mM; [3H]CTP (specific
activity, 23.2 Ci/mmol), 0.075 mM; DNA, 50 ,tg; and
S-30 extract, 300 asl. The reaction mixture was first
incubated without nucleoside 5'-triphosphates for 5
min at 37°C; the reaction was initiated by the addi-
tion of nucleoside 5'-triphosphates and terminated
by the addition of 2.0 ml ofa cold solution containing
100 mM Tris-hydrochloride (pH 7.0), 3 mM MgCl2,
0.2 mg of carrier RNA per ml, and 25 ,ug of RNase-
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free DNase per ml. After 15 min at 4°C, 20-Al frac-
tions were removed in triplicate; 50 ,ug of carrier
RNA, 460 plA of 10 mM EDTA, and 500 pl of 20%
trichloroacetic acid were added to each of the tripli-
cate samples, and the mixture was allowed to stand
at 40C for 25 min. The precipitate was collected on a
glass-fiber filter (Whatman GF/C) and washed with
100 ml of 2% trichloroacetic acid. The filter was
dried, and 3H-labeled RNA was determined by using
Redi Solv IV in a Beckman LS 230 scintillation
spectrometer. The remaining [3H]RNA was ex-
tracted with an equal volume of phenol (saturated
with 50 mM sodium acetate [pH 5.2] and 30 mM
MgCl2), RNA was precipitated by the addition of 2
volumes of 95% ethanol (-20°C), and the mixture
was allowed to stand at -20°C until a flocculent
precipitate had formed. The precipitate was col-
lected by centrifugation at 10,000 rpm for 20 min in a
Beckman J-21B centrifuge. The precipitate was dried
and then dissolved in 1 ml of 4 x SSC (SSC is 0.15 M
NaCl plus 0.015 M trisodium citrate, pH 6.8), and 20-
,up fractions were removed in triplicate for the deter-
mination of [3H]RNA as described.

Hybridization procedures. The quantity of RNA
synthesized in vitro was determined by the hybridi-
zation procedure of Gillespie and Spiegelman (14).
In experiments for the determination of argA-spe-
cific mRNA (where only a lambda phage is at pres-
ent available), lambda mRNA was removed prior to
the determination ofargA-specific mRNA by prehy-
bridization of a quantity ofRNA (4 x 104 cpm) for 24
h at 670C to 10 ,ug of lambda DNA immobilized on a
nitrocellulose filter in 400 ,ul of4x SSC. Under these
conditions, lambda mRNA was removed, and spe-
cific argA mRNA remained in solution. The amount
of mRNA was determined by permitting 150 1LI of
the supernatant solution to hybridize for 16 h at 67°C
to 1 ,ug of the individual, separated DNA strands of
xcI857dargA2 immobilized on a nitrocellulose filter.
This general procedure also was used to determine
argE- and argCBH-specific mRNA, directed by
Xh8OdargECBH2 template DNA, by hybridization to
the separated DNA strands of XdargECBH26.

In vitro protein synthesis. Cell-free synthesis of
/3-galactosidase was performed essentially as de-
scribed by Miller (32). All components (as listed in
Table 2), except DNA and S-30 extract, were assem-
bled at room temperature, DNA was added, and
preincubation was allowed to proceed at 37°C for 5

min. Protein synthesis was initiated by the addition
of the appropriate quantity of S-30. All reactions
were performed in a total volume of 0.1 ml and were
terminated by the addition of 100 ug of chloram-
phenicol per ml and by transfer to an ice-water bath.

RESULTS

DNA dependence. The in vitro synthesis of
mRNA described in this study was completely
dependent upon the addition of DNA carrying
the argECBH gene cluster and the argA operon

for the production ofargE-, argCBH-, and argA-
specific mRNA. The production of argE- and
argCBH-specific mRNA proceeded linearly
over a range of Xh8OdargECBH2 DNA concen-
trations from 0 to 10 ,ug of added DNA per 100-
Aul reaction volume (as judged by hybridization
to the separated DNA strands of Xdarg-
ECBH26, after removal of lambda mRNA tran-
scripts by prehybridization to lambda DNA)
(Fig. 2). The synthesis of argE- and argCBH-
specific mRNA accounted for approximately 1.3
and 3.2%, respectively, of the mRNA produced
by the in vitro system when 5 ,ug of DNA tem-
plate was used. Hybridization background to
lambda DNA, after prehybridization, accounted
for approximately 0.3% of the total RNA syn-
thesis, and the production of mRNA comple-
mentary to Xh8OdargECBH2 accounted for 67%
of the radioactivity incorporated into trichloroa-
cetic acid-precipitable material.
The in vitro synthesis ofargA -specific mRNA

was also entirely dependent upon the addition
of XcI857dargA2 DNA (Fig. 3) and was a linear
function of the XcI857dargA2 DNA concentra-
tion from 0 to 10 pug of added DNA per 100-dul
reaction volume (as judged by hybridization to
the light DNA strand of XcI857dargA2 after
removal of lambda mRNA transcripts by prehy-
bridization to lambda DNA). Synthesis ofargA-
specific mRNA accounted for approximately 6%
of the total RNA produced in vitro, and the
background hybridization to lambda DNA
(after prehybridization) was 0.4% of the total

TABLE 2. Composition of incubation mixture per milliliter

Component Quantity Component Quantity
2 M Tris acetate (pH 8.2) ....... ......... 22 Al. 1 M ammonium acetate.27.3 ,ul
1 M DTT ............................... 91 ,lj 1McAMP.10 t,l
2 M potassium acetate ........ .......... 28.2 ul 1 M IPTG.5.5 lI
5 mM amino acids ........... ........... 45.5 lI. 0.27% folinic acid.10,ul
0.1 M CTP, GTP, UTP ........ .......... 5.5 1.d 1 M magnesium acetate.10 ,ul
0.2 M ATP ............................. 11 ,IA 1 M calcium chloride.7.3 gl
0.1 M Na3 PEP ............... .......... 210 ,lI 30% PEG6000..20 ILI
DNA ................................ 50 ,g S-30 ........................ 6,500 ,ug of protein

. Water ...................... 137.1 ,ul
a PEP, Phosphoenolpyruvate; cAMP, cyclic adenosine 3',5'-monophosphate; IPTG, isopropyl-,8-D-thioga-

lactopyranoside; PEG 6000, polyethylene glycol 6000.

VOL. 130, 1977



646 SENS, NATTER, AND JAMES

6-~~~~~~~~~~~~~~~~~-I'

O10

0 ~~~~~~~~~~0

E E

DNA CONCENTRATION (po/100 pl)

FIG. 2. Synthesis of total RNA, template-specific
mRNA, and argE- and argCBH-specific mRNA as a
function of Xh8OdargECBH2 DNA concentration.
The abscissa indicates DNA concentration expressed
as micrograms per 100-pl reaction mixture. The left-
hand ordinate indicates synthesis of argE- and
argCBH-specific mRNA expressed as counts per
minute per 100-pJ reaction mixture after the removal
of lambda mRNA transcripts by prehybridization to
lambda DNA. The right-hand ordinate indicates to-
tal RNA synthesis (determined by trichloroacetic
acid precipitation) and template-specific mRNA (de-
termined by hybridization to Xh80dargECBH2
DNA). An argR- S-30 cell extract was utilized, and
synthesis was allowed to proceed for 2 min. The
determination ofargE-specific mRNA (A) was moni-
tored by hybridization to the heavy DNA strand of
AdargECBH26, and argCBH-specific mRNA (U)
was monitored by hybridization to the light DNA
strand of XdargECBH26. In both cases, lambda
transcripts were removed by prehybridization to
lambda DNA; the background hybridization to
lambda DNA after removal of lambda transcripts
was less than 0.3% of the total RNA synthesized.
Total RNA synthesis (0) was determined by trichlo-
roacetic acid precipitation, and the quantity of tem-
plate-specific mRNA (0) was determined by hybridi-
zation to 2 pg ofXh80dargECBH2 DNA immobilized
on a nitrocellulose filter. Each data point is the aver-
age of three determinations.

RNA produced by the in vitro system when
directed by 5 ,ug of template DNA. Synthesis of
mRNA complementary to XcI857dargA tem-
plate accounted for 95% of the radioactivity in-
corporated into acid-precipitable material.

In vitro transcription of Ah8OdargECBH2
DNA. RNA transcripts produced by Xh80darg-
ECBH2 template DNA, using an argR S-30
cell extract (strain EJ113*), were analyzed by

hybridization to the heavy and light DNA
strands of XcI857S7 (Fig. 4), 080 (Fig. 4), and
XdargECBH26 (Fig. 5). The quantity ofmRNA
that complexed specifically to the light DNA
strand oflambda was negligible throughout the
10-min time course and comprised less than 1%
of the mRNA complementary to Xh80darg-
ECBH2 at times later than 1 min of synthesis
(Fig. 4). The quantity ofmRNA that complexed
specifically to the heavy DNA strand oflambda
rose rapidly during the first 3 min of synthesis,
rose only slightly during the remainder of the
time course, and accounted for approximately
29% of the total RNA synthesis (at 2 min) that
was complementary to Xh8OdargECBH2 tem-
plate DNA. The quantity of synthesized mRNA
complementary to the heavy DNA strand of
480 (Fig. 4) rose slowly during the first 0.5 min
of synthesis, increased more rapidly for a short
time, and finally slowed with only a small net
accumulation of mRNA occurring during the
3- to 10-min time period. Synthesis of mRNA

0

x 3
E

2

x

DNA CONCENTRATtON (pg/100p1)
FIG. 3. Synthesis of total RNA, template-specific

mRNA, and argA-specific mRNA as a function of
AcI857dargA2 DNA concentration. The abscissa in-
dicates DNA concentration expressed as micrograms
per 100-pl reaction mixture. The left-hand ordinate
indicates synthesis of argA-specific mRNA (A) ex-
pressed as counts per minute per 100-,i reaction
(after removal of lambda mRNA transcripts by pre-
hybridization to larmbda DNA) and determined by
monitoring hybridization to the light DNA strand of
XcI857dargA2. Background hybridization to lambda
DNA was approximately 0.4%. The right-hand ordi-
nate represents total RNA synthesis (0) determined
by trichloroacetic acid precipitation and synthesis of
total template-specific RNA (0) determined by hy-
bridization to XcI857dargA2 DNA. Each data point
is the average of triplicate determinations.
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FIG. 4. Time course of synthesis of mRNA com-
plementary to Xh8OdargECBH2 DNA and the sepa-
rated DNA strands of lambda and of 480, with
Xh8OdargECBH2 DNA template and an argR S-30
cell extract. Synthesis of mRNA complementary to
Xh8OdargECBH2 DNA (O) was determined by hy-
bridization to Xh8OdargECBH2 DNA. Synthesis of
mRNA complementary to the light DNA strand of
lambda (A) and the heavy DNA strand of lambda
(0) was determined by hybridization to the appropri-
ate separated DNA strands of lambda. Synthesis of
mRNA complementary to the light DNA strand of
480 (A) and the heavy DNA strand of 480 (0) was
determined by hybridization to the separated DNA
strands of 080. Samples (50 pl) were removed at
each time point, and a portion (2 x 104 cpm) was
used to determine the amount ofeach ofthe different
mRNA transcripts present. Each time point repre-
sents that amount that would have been present in a
100-pl reaction mixture and is the average of three
determinations.

complementary to the light DNA strand of 480
(Fig. 4) rose rapidly during min 1 of synthesis
and then increased more slowly until at 3 min
no further net accumulation of mRNA occurred.
Synthesis ofRNA complementary to the heavy
DNA strand of 480 accounted for approximately
34% of the total synthesis of RNA complemen-
tary to Xh8OdargECBH2 template DNA,
whereas synthesis of RNA complementary to
the light DNA strand of 4)80 accounted for ap-
proximately 27% of the total synthesis of RNA
complementary to Xh8OdargECBH2 templated
DNA at the 2-min time point.

Analysis of mRNA produced from Xh8O-
dargECBH2 template DNA by hybridization to
the separated DNA strands of XdargECBH26,
after the removal of lambda and )80 mRNA
transcripts by prehybridization, is shown in
Fig. 5. The rate of specific argE mRNA synthe-
sis was determined by hybridization to the

heavy DNA strand of XdargECBH26 and ex-
hibited three distinct phases. Synthesis of
argE-specific mRNA occurred rapidly during
the first 1 min of synthesis, much more slowly
during the next 2 min, and then exhibited no
net accumulation of argE-specific mRNA dur-
ing the remainder of the time course (Fig. 5).
The rate of argCBH-specific mRNA synthesis
was monitored by hybridization to the light
DNA strand of XdargECBH26 and exhibited
two distinct phases ofmRNA synthesis. During
the first 1 min of synthesis, argCBH-specific
mRNA rose rapidly, followed by a much re-
duced rate of synthesis for the remainder of the
time course (Fig. 5). At a synthesis time of 2
min, approximately three times as much
argCBH-specific mRNA was produced com-
pared with argE-specific mRNA (argE mRNA
accounted for 1.3% of the total RNA synthe-
sized, and argCBH-specific mRNA accounted
for 3.2% of the total RNA synthesized). Back-
ground hybridization to lambda DNA was ap-

0

It

A0

a.

C)

2 4 6
TIME (min)

8 10

FIG. 5. Time course ofargE- and argCBH-specific
mRNA synthesis directed by Ah8OdargECBH2 DNA
with an argR- S-30 cell extract. The quantity of
argE- and argCBH-specific mRNA was determined
by analysis ofa portion ofeach 50-pJ portion used in
the experiment depicted in Fig. 4. The quantity of
argE-specific mRNA was determined by hybridiza-
tion to the heavy DNA strand of XdargECBH26 (A),
and the quantity of argCBH-specific mRNA was

measured by hybridization to the light DNA strand
of XdargECBH26 (0) after removal of lambda
mRNA transcripts by prehybridization to lambda
DNA. The quantity ofmRNA synthesized represents
the amount that would have been present in a 100-pl
reaction mixture. Each data point represents the av-

erage of three determinations.

d

I I
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proximately 0.3% and has been subtracted from
the values presented.

In vitro transcription of XcI857dargA2
DNA. RNA produced by AcI857dargA2 tem-
plate DNA with an argR- S-30 extract was
analyzed by hybridization directly to the sepa-
rated DNA strands oflambda (Fig. 6) and to the
separated DNA strands of XcI857dargA2 (Fig.
7) after removal of lambda RNA transcripts by
prehybridization to lambda DNA as described
in Material and Methods. The quantity of
mRNA produced by XcI857dargA2 template
DNA which specifically complexed to the light
DNA strand of lambda increased steadily dur-
ing the first 5 min of the time course, after
which time net synthesis rapidly decreased to
zero (Fig. 6). Synthesis of mRNA complemen-
tary to the heavy strand of lambda DNA pro-
ceeded linearly for 7 min, at which time net
accumulation of mRNA approached zero (Fig.
6). Synthesis of mRNA complementary to
XcI857dargA2 DNA template accumulated in a
linear fashion for the first 7 min of synthesis, at

TIME (ml.)

FIG. 6. Time course of synthesis of mRNA com-

plementary to XcI857dargA2 DNA and to the sepa-
rated DNA strands of lambda with XcI857dargA2
DNA template and an argR- S-30 cell extract. Syn-
thesis of mRNA complementary to XcI857dargA2
DNA (0) was determined by hybridization directly to
2 pg of XcI857dargA2 DNA immobilized on a nitro-
cellulose filter. Synthesis of mRNA complementary
to the lightDNA strand oflambda (A) and the heavy
DNA strand oflambda (0) was measured by hybrid-
ization to the appropriate separated DNA strands of
lambda (1 pg) immobilized on a nitrocellulose filter.
Samples (50 p1) were removed at each time point,
and a portion (2.0 x 104 cpm) was used to determine
the amount ofmRNA complementary to the template
DNA and the separated strands of lambda DNA.
Each time point represents the amount that would
have been present in a 100-y4 reaction mixture and is
the average of three determinations.
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FIG. 7. Time course of argA-specific mRNA syn-
thesis directed by XcI857dargA2 template DNA with
an argR- S-30 cell extract. The quantity of argA-
specific mRNA was determined by analysis ofa por-
tion of each of the 50-pl portions used in the experi-
ment described in the legend ofFig. 6. The quantity
of argA-specific mRNA was determined by hybridi-
zation to the light DNA strand of XcI857dargA2
(A), whereas antisense argA mRNA was measured
by hybridization to the heavy DNA strand of
XcI857dargA2 (0) after (in both cases) the removal of
lambda mRNA transcripts by prehybridization to
lambda DNA. Background hybridization to lambda
DNA (after removal of lambda transcripts by prehy-
bridization) was 0.4% of the total template-specific
mRNA produced. The quantity of mRNA 'synthe-
sized represents the amount that would have been
present in a 1O00-p reaction mixture. Each data point
represents the average of three determinations.

which time net accumulation of template-spe-
cific mRNA ceased (Fig. 6). The synthesis of
mRNA complementary to the light DNA strand
of lambda accounted for approximately 34% of
the template-specific mRNA, whereas synthe-
sis ofmRNA complementary to the heavy DNA
strand of lambda accounted for approximately
50% of the template-specific mRNA (at 2 min).
Synthesis of mRNA complementary to
XcI857dargA template accounted for 95% of the
radioactivity incorporated into trichloroacetic
acid-precipitable material.

Analysis of mRNA produced from AcI857-
dargA2 template DNA by hybridization to the
separated DNA strands of XcI857dargA2 (after
the removal of lambda mRNA transcripts by
prehybridization) is shown in Fig. 7. The rate of
argA-specific mRNA synthesis was determined
by hybridization to the light DNA strand of
XcI857dargA2 and was found to be a linear
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function of time during the first 7 min of syn-
thesis, after which time the net accumulation of
argA-specific mRNA rapidly became zero (Fig.
7). Synthesis complementary to the heavy DNA
strand of XcI857dargA2 (antisense strand) also
proceeded in a linear fashion during the first 7
min of synthesis, after which time the rate of
formation ofmRNA steadily decreased (Fig. 7).
The synthesis of mRNA complementary to the
heavy DNA strand of XcI857dargA2 was
greater than that produced complementary to
the light DNA strand of XcI857dargA2, espe-
cially after 5 min of synthesis (Fig. 7). At a
synthesis time of 2 min, mRNA complemen-
tary to the light DNA strand (sense) of
XcI857dargA2 (after lambda transcripts had
been removed) accounted for approximately
6.5% of the total mRNA complementary to the
XcI857dargA2 template (a similar amount was
determined to complex to the heavy DNA
strand of XcI857dargA2). The background hy-
bridization to lambda DNA (after removal of
lambda transcripts by prehybridization) was
approximately 0.4% of the total template syn-
thesis.

Repression of argE-specific mRNA synthe-
sis by an argR+ S-30 cell extract, using
Ah8OdargECBH2 template DNA. The result of
a set of experiments demonstrating in vitro
regulation ofargE mRNA synthesis directed by
DNA isolated from the specialized transducing
phage Xh8OdargECBH2 is shown in Fig. 8.
These experiments utilized varying proportions
ofS-30 cell extract, simultaneously added to the
reaction mixture, isolated from strains carry-
ing either argR+ or argR- alleles and the heavy
DNA strand of XdargECBH26 as the hybridiza-
tion probe. It was demonstrated that argE-spe-
cific mRNA was repressed significantly (Fig. 8)
by increasing proportions of an S-30 extract
obtained from a strain possessing the argR+
allele when a synthesis time of 2 min was em-
ployed. When 40% of the total S-30 extract was
prepared from a strain carrying the argR+ al-
lele, argE-specific mRNA synthesis was re-
pressed approximately 30%, and this repression
value increased as the proportion ofargR + S-30
was increased, until a final repression value of
86% was obtained when the argR+ extract com-
prised 100% of the S-30 cell extract. When syn-
thesis was permitted to proceed for 15 min no
significant difference in the extent ofrepression
was noted (Fig. 8). When synthesis was allowed
to continue for 30 min, a slight loss of repres-
sion was noted (66% of argE-specific mRNA
synthesis was under the control of the arginine
holorepressor, as shown in Fig. 8).

Repression of argE-specific mRNA synthesis
by an argR+ S-30 cell extract was shown to be

I
0
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FIG. 8. Repression of argE-specific mRNA as a
function ofS-30 composition. A series ofexperiments
was performed in which S-30 cell extracts ofdifferent
composition were used while Xh8OdargECBH2 tem-
plate DNA was used to direct argE-specific mRNA
synthesis. The cell extract used in each experiment
was derived either from argR S-30, argR+ S-30, or
from specific mixtures of the two S-30 cell extracts;
the percentage of argR+ extract is indicated on the
abscissa. The ordinate represents the observed per-
centage of repression of argE mRNA synthesis. In
this experiment, 60,000 cpm of total RNA were pre-
hybridized (for each data point) to 30 pg of lambda
DNA, and the resulting supernatant solution was
analyzed for argE-specific mRNA by hybridization to
the heavy DNA strand of XdargECBH26. When cell-
free transcription was performed with S-30 entirely
derived from an argR- strain, approximately 700
cpm of radioactive argE-specific mRNA were deter-
mined. Repression ofargE-specific mRNA was mea-
sured by hybridization to the heavy DNA strand of
XdargECBH26 after removal oflambda mRNA tran-
scripts at a synthesis time of2 min (5), 15 min (A),
and 30 min (0). These values were corrected for
background hybridization to lambda DNA, which
was less than 0.25%. An identical experiment was
performed with XcI857S7 DNA as the template (A);
the amount of lambda-specific mRNA was deter-
mined by hybridization to lambda DNA, and the
value observed from synthesis directed by the S-30
extract prepared from a strain carrying the argR+
allele was 2,000 cpm. In this experiment, the S-30
preparations were matched by selecting cell extracts
with comparable activity in a coupled in vitro tran-
scription-translation system as described by Cleary,
Garvin, and James (submitted for publication).
Synthesis of ,3galactosidase is represented on the
right-hand ordinate by the value ofthe absorbance at
420 nm determined per hour, per 100-pi reaction
mixture, as a function of S-30 composition (a). The
data presented are the average of duplicate determi-
nations.

specific for the argE gene by employing two
different controls. First, synthesis of (8-galacto-
sidase directed by 50 ,ug of480dlac DNA per ml
was monitored in a coupled transcriptional-
translational protein-synthesizing system us-
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ing the respective S-30's used in the repression
experiment presented herein, and it was dem-
onstrated (Fig. 8) that the argR+ S-30 was

slightly superior in directing the synthesis of 63-
galactosidase. The second control involved the
measurement of transcription of XcI857S7 DNA
by both the argR - and argR+ S-30 cell extracts
and combinations thereof. No difference in syn-
thesis of lambda transcripts was observed (Fig.
8).

Repression of argCBH-specific mRNA syn-
thesis by an argR+ S-30 cell extract, using
Ah8OdargECBH2 template DNA. The ability of
an argR+ S-30 cell extract to repress argCBH-
specific mRNA synthesis directed by DNA from
the specialized transducing phage Xh80darg-
ECBH2 was determined as a function of added
argR+ S-30 cell extract by using the light
DNA strand of XdargECBH26 as the hybridiza-
tion probe. At a synthesis time of 2 min, the
addition of increasing amounts of argR+ cell
extract caused a concomitant decrease in the
amount ofargCBH mRNA produced; attaining
a value of 90% repression when the S-30 cell
extract was entirely derived from a strain
carrying the argR+ allele (Fig. 9). At a synthe-
sis time of 15 min, increasing amounts ofargR+
S-30 cell extract decreased argCBH-specific
mRNA synthesis to a slightly smaller extent,
resulting in a maximum repression value of
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FIG. 9. Repression of argCBH-specific mRNA
synthesis as a function of S-30 composition. The
experiment was performed as described in the legend
ofFig. 8, except that the light DNA strand of Xdarg-
ECBH26 was used to monitor argCBH-specific
mRNA synthesis at times of2 (A), 15 (0), and 30 (0)
min ofsynthesis. As in Fig. 8, an input of60,000 cpm
ofRNA was used, and 2,100 cpm ofargCBH-specific
mRNA were determined to be synthesized when the
S-30 was entirely derived from a strain carrying the
argR - allele. The controls were performed as de-
scribed in the legend ofFig. 8. Each data point is the
average of duplicate determinations.

81% when the S-30 cell extract was derived
entirely from an argR + strain (Fig. 9). Increas-
ing the synthesis time to 30 min resulted in a
further loss of repression (66% when the S-30
cell extract was entirely derived from an argR +
strain [Fig. 9]). It was also shown (Fig. 9) that
synthesis of lambda mRNA directed by
XcI857S7 template DNA was unaffected by the
use of S-30 cellular extract derived from strains
carrying either the argR allele or mixtures
thereof (Fig. 9). Synthesis of f8-galactosidase
was also shown to be independent of the compo-
sition of the S-30 utilized, as would be expected
since S-30 extracts with matched protein syn-
thesis characteristics were used.

Repression of argA-specific mRNA synthe-
sis by an argR+ S-30 cell extract, using
XcI857dargA2 template DNA. The ability of an
argR + S-30 cell extract to repress argA-specific
mRNA synthesis directed by DNA isolated
from the specialized tranducing phage
XcI857dargA2 was determined as a function of
the quantity of argR+ S-30 cell extract present
in the incubation mixture. At a synthesis time
of 2 min, the addition of increasing amounts of
argR + extract caused a concomitant decrease in
the amount of argA-specific mRNA produced
complementary to the sense strand (light
strand) ofXcI857dargA2 DNA, reaching a value
of 90% repression when the S-30 was entirely
derived from a strain carrying the argR + allele
(Fig. 10). Increasing the time of synthesis to 15
or 30 min resulted in only a slight loss of repres-
sion (84% repression at 15 min and 78% repres-
sion at a synthesis time of 30 min [Fig. 10]).
Synthesis of argA mRNA complementary to
the heavy strand of XcI857dargA2 DNA (the
antisense strand) was also monitored as a func-
tion ofthe concentration ofargR+ cell extract at
synthesis times of 2, 15, 30 min, and it was
demonstrated (Fig. 10) that the arginine holo-
repressor had no effect on argA-specific mRNA
produced complementary to this strand. Syn-
thesis of ,B-galactosidase was shown to be inde-
pendent of the argR allele present in the S-30
cell extract (Fig. 10), and synthesis of lambda
mRNA directed by XcI857S7 DNA was not af-
fected by the argR allele present in the S-30 cell
extract (data not presented).

Repression of argE-, argCBH-, and argA-
specific mRNA synthesis as a function of the
order of addition ofargR+ and argR- S-30 cell
extract. The effect of the order of addition of
argR + and argR - cell extract on the regulation
of argE-, argCBH-, and argA-specific mRNA
synthesis was determined by performing cell-
free synthesis as described previously, except
that, in one case, the argR+ cell extract was
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FIG. 10. Repression of argA-specific mRNA syn-

thesis as a function ofS-30 composition. The experi-
ment was performed as described in the legend of
Fig. 8, except that in this case XcI857dargA2 DNA
was used as template. Synthesis of argA-specific
mRNA representing sense information was moni-
tored at 2 (A), 15 (U), and 30 (0) min of synthesis
by hybridization to the light DNA strand of
XcI857dargA2. The input oftotal RNA in this experi-
ment was 40,000 cpm, and, after removal of lambda
transcripts by prehybridization to lambda DNA, ap-

proximately 2,400 cpm ofmRNA were determined to
be argA specific when the S-30 cellular extract was

entirely derived from a strain carrying the argR-
allele. Background hybridization to lambda DNA
varied between 87 and 123 cpm. Synthesis of argA-
specific mRNA representing antisense information
was also monitored at 2, 15, and 30 min (0) by
hybridization to the heavy DNA strand of
XcI857dargA2 after the removal of lambda tran-
scripts by prehybridization to lambda DNA. The in-
put ofRNA was 40,000 cpm, and, after prehybridi-
zation, approximately 2,700 cpm were argA anti-
sense specific regardless ofthe argR allele present in
the S-30. The ,3galactosidase control (a) was per-

formed as described in the legend of Fig. 8. Each
data point represents the average of duplicate deter-
minations.

added first and then incubated for 1 min at 40C,
followed by the addition of the argR S-30 cell
extract. In the other case, the argR- cell ex-
tract was added first and allowed to incubate at
40C for 1 min before the addition ofthe argR+ S-
30 cell extract. In both cases, the reaction mix-
ture was allowed to preincubate at 37°C for 5
min, and the reaction was initiated by the addi-
tion of nucleoside 5'-triphosphates.

Experiments performed with the prior addi-
tion of cellular extract derived from a strain
carrying the argR allele followed by the addi-
tion of the appropriate quantity of S-30 derived

from a strain carrying the argR + allele resulted
in the synthesis of steadily decreasing amounts
ofargE-specific mRNA with increasing quanti-
ties of argR+ S-30 (repression value of 15 and
38%, respectively, corresponding to an S-30
composition comprising 20 and 60% ofthe cellu-
lar extract derived from the argR+ strain).

In sharp contrast, when the order of addition
was reversed, with the prior addition of S-30
derived from a strain carrying the argR+ allele
followed by the addition of the appropriate
quantity of argR- S-30, a dramatic increase in
effectiveness of the arginine holorepressor was
apparent. The synthesis ofargE-specific mRNA
was repressed 54% by the prior presence of
arginine holorepressor present in only 20% of
the S-30 utilized in the experiment. Increasing
the quantity of S-30 derived from the strain
carrying the argR+ allele to 40% of the total
resulted in the repression of the specific argE
mRNA synthesis by 81% (Fig. 11). Similar re-
sults were obtained when the effect of the order
of addition of argR+ and argR- S-30 cellular
extracts was determined for the argCBH op-
eron (data not presented). When DNA isolated
from XcI857dargA2 was used in this order of
experiments, it was found that the repression of
argA-specific mRNA followed a pattern quali-
tatively similar to that described for the argE
and argCBH operons (data not presented). Syn-
thesis of mRNA directed by DNA template iso-
lated from XcI857 and cell-free synthesis of /3-
galactosidase directed by DNA isolated from
480dlac was unaffected by the order of addition
of S-30 cellular extracts (Fig. 11). In the case of
experiments performed with the argA operon,
synthesis of antisense argA-specific mRNA was
also determined to be unaffected by the order of
addition of S-30 cellular extracts.

DISCUSSION

We have described the in vitro transcription
of the argECBH gene cluster and the argA
operon by using DNA template isolated from
the specialized transducing phages Xh80darg-
ECBH2 and XcI857dargA2 and cytoplasmic
(S-30) extracts prepared from strains of E. coli
K-12 carrying the argR- and argR+ alleles.
The system used for in vitro transcription is
identical to that used by McGeoch et al.
(30) for the study of the tryptophan operon,
except that S-30 extracts, which are capable of
coupled transcription-translation, were used
instead of S-180 cell extracts.
The system was shown to be entirely depend-

ent on the addition of DNA containing the
argECBH gene cluster and the argA operon for
the synthesis of mRNA specific for the argE,
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FIG. 11. Determination ofthe effect of the order of
addition of S-30 extracts (prepared from strains
carrying the argR- and argR+ alleles) on the repres-
sion of argE-specific mRNA synthesis as a function
of S-30 composition. Synthesis of RNA was per-
formed as described in the legend ofFig. 8, except the
effect of the order of addition of the argR+ and the
argR- S-30 cell extract was determined. Template
DNA isolated from Xh8OdargECBH2 was used to
direct synthesis of argE-specific mRNA with a syn-
thesis time of 1 min. The amount of argE-specific
mRNA produced in the individual reactions was

determined by hybridization to the heavy DNA strand
of XdargECBH26. In one case, the quantity ofargR-
S-30 used in each experiment was added to the reac-
tion mixture at 4°C and permitted to incubate for 1

min before the quantity ofargR+ S-30 cell extract was
added (O). The reciprocal experiment was performed
by adding the argR+ S-30 cell extract first, incubat-
ing the mixture at 4°C for 1 min, and adding the
appropriate quantity of argR- S-30 cell extract (A).
Polymerization was initiated by the addition of nu-

cleoside 5'-triphosphates and terminated as de-
scribed in Materials and Methods. The same quan-

tity ofRNA was used in the hybridization reaction as

described in the legend ofFig. 8. Synthesis oflambda
mRNA was also monitored by using XcI857S7 tem-
plate DNA when the argR+ was added first (0) and
when the argR- was added first (0); the data points
shown represent approximately 2,000 cpm of
lambda-specific mRNA. Synthesis of(&galactosidase
was also monitored when the argR+ was added first
(-) and when the argR- was added first (-). The
data represent the average of duplicate determina-
tions.

argCBH, and argA operons (Fig. 2 and 3). The
system was not completely dependent on added
DNA for total RNA synthesis; this was not
unexpected since McGeoch et al. (30) and
Rogers et al. (40) reported similar data. The
majority (90%) of radioactivity incorporated
into trichloroacetic acid-precipitable material

J. BACTERIOL.

was found to complex specifically to DNA probe
isolated from XcI857dargA when this same
DNA was used as template; however, only 67%
of the radioactivity incorporated into acid-pre-
cipitable material was determined to hybridize
to the DNA probe isolated from XdargECBH2
when DNA template was isolated from
Xh80dargECBH2. It appears that the large
amount of endogenous synthesis exhibited
when Xh8OdargECBH2 DNA template was
used to direct mRNA synthesis was a function
of the particular template and not a deleterious
aspect of the transcriptional system.

Synthesis of argE- and argCBH-specific
mRNA was found to exhibit uncomplicated ki-
netics, with the rate of accumulation ofmRNA
steadily decreasing at extended periods of syn-
thesis, indicating that the rate of formation of
RNA was becoming balanced by degradation
due to the action ofRNase present in the S-30 ex-
tracts. Synthesis ofargCBH-specific mRNA ac-
counted for approximately 70% of the arg-
ECBH-specific mRNA produced. This agrees
well with the ratio of argE mRNA to argCBH
mRNA reported to be formed in vivo (8), as well
as the ratio of the mRNA species formed in
vitro (36). Initiation at the argCBH promoter
appears to be the principal source of argCBH-
specific mRNA synthesis, since 90% of the
argCBH-specific mRNA synthesis was under
control of the arginine holorepressor (Fig. 9)
and since the time course ofargCBH synthesis
exhibited no plateau followed by a subsequent
increase in synthesis (Fig. 5), as was observed
for the argF operon carried on 480dargF DNA,
where readthrough from one or more upstream
bacterial promoters was observed (Sens et al.,
submitted for publication).

Since experiments performed on the regula-
tion of the argI and argF operons (Sens et al.,
submitted for publication) demonstrated poor
repression values at extended times of mRNA
synthesis due to readthrough of mRNA initi-
ated at upstream bacterial promoters, these ex-
periments were repeated for the argECBH
gene cluster.,Increasing the time of synthesis
had little effect on the extent of repression of
argE- and argCBH-specific mRNA synthesis,
with substantial repression values being at-
tained even at 30 min of synthesis (Fig. 8 and
9). These data support the notion that the DNA
sequence carried on the specialized transducing
phage Xh8OdargECBH2 in the region of the
argECBH gene cluster probably has effective
terminator sequences associated with any
neighboring bacterial genes that have pro-
moters functioning under the conditions uti-
lized in this work, thus preventing readthrough
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of mRNA transcripts initiated at other bacte-
rial promoters. The demonstration of regula-
tion to the extent of 90% by the arginine holore-
pressor indicates that relatively little transcrip-
tion is occurring from other bacterial operons.
Furthermore, it shows that the majority, if not
all, of the regulation ofthe argECBH operons is
mediated at the level of transcription. It is nec-
essary to reconcile this notion that regulation of
gene expression for the argE and argCBH op-
erons is mediated entirely at the level of tran-
scription with the observaton of Cunin et al. (8)
and Krzyzek and Rogers (24) that the dere-
pressed/repressed ratios of the enzyme activi-
ties for the corresponding enzymes do not corre-
late. One factor contributing to this noncorre-
spondence is the difficulty in measuring accu-
rately the quantity of mRNA formed in vivo,
particularly under conditions of physiological
repression. Another potential explanation is to
invoke the possibility of post-transcriptional
control operating in a manner analogous to
that observed for the trp operon (2). This possi-
bility has been espoused by Krzyzek and Rogers
(24), who have reported preliminary results
concerning the measurement of levels for two
species of mRNA formed in vivo for the arg-
ECBH operons; however, these workers did not
utilize separated DNA strands for monitoring
these species.
To obtain meaningful data when performing

repression experiments with two sets of cell
extracts-one isolated from an argR- strain
and the other prepared from an argR + strain -
it is necessary to insure that the S-30 cell ex-
tracts are of equal competence in directing
template-specific mRNA synthesis. This was
accomplished in the present work by perform-
ing three different controls. First, in all cases,
cellular extracts were utilized that exhibited
comparable activity in an in vitro transcription-
translation system producing f3-galactosidase
directed by 480dlac DNA (M. Clearly, R. T.
Garvin, and E. James, submitted for publica-
tion). Second, the S-30 cell extracts were
matched in their ability to synthesize argA
antisense (heavy-strand-specific) RNA directed
by XcI857dargA2 DNA and mRNA specific to
XcI857S7. It is therefore clearly evident that
repression of arginine-specific mRNA was due
to the presence of functional arginine holo-
repressor.
Synthesis of argA-specific mRNA was moni-

tored by hybridization using the separated
DNA strands of XcI857dargA2, and the rate of
synthesis during a 10-min time period was
found to exhibit uncomplicated kinetics (Fig.
7). Previous characterization of the bacterio-

phage (Natter et al., submitted for publication)
has demonstrated that the light DNA strand of
XcI857dargA2 carries sense information for the
argA gene. Since synthesis of mRNA comple-
mentary to both DNA strands of XcI857dargA2
exhibited similar kinetics, it was of interest to
ascertain what effect the presence of the
promoter on the heavy DNA strand of XcI857-
dargA2 would have opposite the argA operon
and its interaction with the arginine holo-
repressor. The results (Fig. 10) show that sub-
stantial repression of argA-specific mRNA
was obtained at all synthesis times and that no
repression was noted for mRNA complemen-
tary to the heavy DNA strand ofXcI857dargA2.
Thus, it appears that the promoter(s) located on
the heavy DNA strand of XcI857dargA2 has no
adverse effect on mRNA produced that is com-
plementary to argA sense gene DNA. This may
be due to the argA operon lying downstream
from the promoter on the heavy strand, thus
giving rise to a situation in which RNA polym-
erase initiated at one promoter does not tran-
scribe the other promoter region.
Since both Ah8OdargECBH2 and XcI857-

dargA2 DNA template provide an excellent
source of DNA for regulation studies involving
the argECBH gene cluster and the argA
operon, it was of interest to ascertain if infor-
mation regarding the control regions of these
operons could be obtained by altering the condi-
tions employed when performing studies on the
effect of the arginine holorepressor as described
previously for the argF and argI operon (Sens
et al., submitted for publication). From the re-
sults (Fig. 11), it is clear that there is competi-
tion between the RNA polymerase and holore-
pressor. Experiments performed with small
quantities of holorepressor added together with
a small proportion of RNA polymerase (both in
the argR + S-30 cell extract) prior to the addition
of the major proportion of RNA polymerase
(contained in the argR - S-30) demonstrate that
repression was considerably greater than when
the reverse order of addition of holorepressor
and RNA polymerase was employed. It may be
postulated, therefore, that repression of these
operons occurs by the arginine holorepressor
preventing the binding of RNA polymerase at
the respective promoters and the subsequent
formation of mRNA polymerase initiation com-
plex as reported by Squires et al. (44) for the
tryptophan operon.

This work describes the study of two DNA
templates, one carrying the argA operon and
the other carrying the argECBH gene cluster.
It has been shown that at least 86% of argE,
90% of argCBH, and 90% of argA gene expres-
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sion is mediated by the arginine holorepressor
at the level of transcription and that repression
appears to result from the holorepressor inter-
fering with the binding of RNA polymerase to
the promoter site. The in vitro system described
provides the basis for further study regarding
repressor-corepressor interactions and will per-
mit the development of studies aimed at deter-
mining whether or not other control sites are
present as described by Bertrand et al. (2) for
the trp operon, whether autoregulation occurs
as has been postulated for other operons (45),
and whether the presence or removal (by dele-
tion of the gene in question) of other arginine
enzymes has an effect on the particular argi-
nine operon under study.
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