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The levels of leucine-forming enzymes in Escherichia coli K-12 varied over a
several thousand-fold range, depending upon conditions of growth. The highest
levels were achieved by growing auxotrophs in a chemostat under conditions of
leucine limitation. Under such conditions, enzyme levels were increased 45- to
90-fold relative to cells grown in minimal medium containing leucine (the latter
values arbitrarily called 1). Leucine operon-specific messenger ribonucleic acid
levels were elevated to about the same extent as enzyme levels in cells grown in
a chemostat. Growth in media of greater complexity resulted in progressively
lower levels of leucine-forming enzymes, reaching a value of less than 0.02 for
growth in a medium containing tryptone broth and yeast extract. The levels of
leucine operon-specified enzymes and messenger ribonucleic acid were also
measured in strains containing about 25 copies of plasmid pCV1(ColE1-leu) per
chromosome. For such strains grown in minimal medium, enzyme levels were
proportional to the number of plasmids per cell. Furthermore, they followed the
same trends as those described above upon derepression in a chemostat or upon
repression following growth in rich media. Leucine messenger ribonucleic acid,
measured both by pulse-labeling and hybridization-competition experiments,
was roughly proportional to enzyme levels over this entire range. For a plasmid-
containing strain grown in a chemostat under conditions of leucine limitation
(about 100 plasmids per chromosome), about 27% of pulse-labeled ribonucleic
acid was coded for by genes in or adjacent to the leucine operon, and 10%o of the
total protein was f3-isopropylmalate dehydrogenase.

The leucine operon ofEscherichia coli B (36)
and Salmonella typhimurium LT2 (9) consists
of four contiguous structural genes (leuDCBA)
that are transcribed as a unit and controlled by
an adjacent operator and promoter region
(leuDCBAOP). Less information is available
for E. coli K-12, but what information there is
suggests that the organization and control of
the leucine operon in this organism is similar to
that in other enteric bacteria (34, 5). The avail-
ability of phage X-carrying portions of the leu-
cine operon (15) has made it possible to study
the relationship between messenger ribonucleic
acid (mRNA) levels and enzyme levels specified
by the leucine operon of E. coli K-12. We find
that the levels of two of the enzymes specified
by the operon vary more than 1,000-fold, de-
pending upon the growth conditions, and that
leu mRNA levels are approximately propor-
tional to leu enzyme levels over this range.

' Present address: Department of Bacteriology, Univer-
sity of North Carolina, Chapel Hill, NC 27514.

MATERIALS AND METHODS
The genotypes of the bacterial and phage strains

used in this study are shown in Table 1. The compo-
sitions of tryptone broth, tryptone-yeast extract me-
dium, and minimal medium are given in reference
15. The conditions for cell and phage growth, ex-
tract preparation, enzyme assays, deoxyribonucleic
acid (DNA) isolation from phage, DNA strand sepa-
ration, chemostat operation, digestion with endonu-
clease EcoRI, and agarose gel electrophoresis are
also given in reference 15.

Isolation of RNA. RNA was isolated by a modifi-
cation of the method of Ikemura and Dahlberg (20).
Cultures (25 ml) grown in a chemostat or in Erlen-
meyer flasks in minimal medium to about 5 x 108
cells/ml were poured over 35 ml of frozen, crushed
medium containing 10 mM sodium azide and 400
pl of chloramphenicol per ml. The cells were cen-
trifuged and suspended in 2 ml of a cold buffer con-
taining 20 mM tris(hydroxymethyl)aminomethane
(Tris)-hydrochloride (pH 7.5), 40 mM ethylenedia-
minetetraacetic acid (EDTA), and 200 mM NaCl.
The samples were mixed with an equal volume of
boiling buffer containing 1% sodium dodecyl sulfate,
swirled in a boiling water bath for 1 min, and trans-
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TABLz 1. Strains used in this study

Strain Relevant genotype and properties Source
E. coli
CV437 leuA371 ltpro-lac thi This laboratory
CV438 leuBO61 Apro-lac thi This laboratory
CV528 leuD141 (A) R. Middleton
CSH26 Apro-lac thi Cold Spring Harbor

strain kit
CSH62 thi Cold Spring Harbor

strain kit
CSH73 Aara-leu Alac thi Cold Spring Harbor

strain kit
CGSC 4205 leuB6a B. Bachmann
CV511 CGSC 4205/pCV1 Leu+b; pCV1 is ColEl at- This study

tached to an intact leu-
cine operon.

CV510 CSH73/pCV2 Leu-TetrAnmi ; pCV2 is This study
pMB9 containing all of
the leu operon except
part of leuD.

Bacteriophage A
AcI857 M. Gottesman
AcIb2 Cold Spring Harbor

strain kit
AcIh80 Cold Spring Harbor

strain kit
XG4(pleuABCD) This laboratory
XG5(pleuABCD) This laboratory
XG7(dleuABC) This laboratory
a Strain CGSC 4205 has a-IPM synthase activity but lacks ,B-IPM dehydrogenase activity. Therefore, the

leu- .lele should be designated leuB6. Other markers in this strain are argG6, metBl, his-1, recAl, mtl-2,
xyl malAl, gal-6, lacYl, str-104, tonA2, tsx-1, supE44, and Ar'-.

b u+, able to grow in the absence of leucine; Tetr, resistant to 20 zg oftetracycline per ml; AX'Im, immune
to lis by AcIb2.

ferred to a 60°C water bath. An equal volume (4 ml)
of water-saturated, redistilled phenol was added,
and the samples were shaken for 3 min at 60°C with
occasional vortexing. The samples were cooled to
-10°C in an ice-ethanol bath and centrifuged for 5
min at 8,000 x g at -10°C. The upper layer, about
3.8 ml, was transferred to a freshly chilled tube, care
being taken to exclude the precipitate at the inter-
face. The sample was reextracted with phenol, and
the RNA was precipitated by adding sodium acetate
(pH 5.2) to 0.2 M and 2.5 volumes of cold 95%
ethanol. After overnight incubation at -15°C, the
precipitate was centrifuged, dissolved in 1 ml of 2 x
SSC (1 x SSC is 150 mM NaCl plus 15 mM trisodium
citrate), and dialyzed against 300 ml of 2 x SSC.
Measurement of the rate of RNA synthesis. Cul-

tures grown in a chemostat or in Erlenmeyer flasks
to about 5 x 108 cells/ml were pulse-labeled for 3 min
with [5-3H]uridine (27 Ci/mmol; 10 ,uCi/ml). The
cells were killed with azide and chloramphenicol,
and RNA was isolated as described above. A 25-ml
culture yielded 450 to 850 ,ug ofRNA with a specific
activity of 10,000 to 14,000 cpm/,ug. The proportion of
total label hybridizing to the separated strands of
phage XcI857 and XG4(pleuABCD) was determined
by the liquid hybridization procedure of Bovre and
Szybalski (4). Occasionally, the filter hybridization

method described by the same authors was em-
ployed (4).

Measurement of RNA levels by hybridization-
competition. A limiting amount of XG5(pleuABCD)
r-strand DNA, usually 0.2 ,ug, was added to a small
siliconized tube. An amount of [3H]RNA sufficient to
saturate this DNA was added, together with 0 to 200
,ug of unlabeled RNA and sufficient phenol-satu-
rated 2x SSC to bring the total volume to 0.1 ml.
The labeled RNA was prepared from strain
CV437(leuA371) grown in a chemostat under condi-
tions of leucine limitation and pulse-labeled for 3
min with [3H]uridine (about 4% of the total label is
in leu mRNA). After incubation at 67°C for 18 h,
samples were treated with ribonuclease (RNase),
diluted, filtered, dried, and counted as described by
Bovre and Szybalski for the liquid hybridization
method (4). Data were analyzed by the method of
Lavalle and DeHauwer (25) by the equation Hymzil
Hy = M2 + 1, where Hy.,,, and Hy are counts per
minute hybridized in the absence and presence of
competing RNA, respectively, and 2 is the ratio of
the weights of unlabeled RNA and labeled RNA.
The slope ( is proportional to the weight percentage
of mRNA in the sample of competing RNA.

Formation of plasmid pCV2. Fragment EcoRI-B
(2 ILg) was isolated from phage XG7(dleuABC) after
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digestion with endonuclease EcoRI and gel electro-
phoresis as described (15). Ligation to plasmid pMB9
(3 jAg), similarly treated with endonuclease EcoRI,
was carried out in a total volume of 0.1 ml contain-
ing 12 mM MgCl2, 10 mM dithioerythritol, 0.05 mM
adenosine 5'-triphosphate, 50 mM Tris-hydrochlo-
ride (pH 7.5), 25 mM NaCl, and 0.1 Miles U of T4
ligase (Miles Laboratories, Inc., Elkhart, Ind.).
After 4 h at 11°C, the mixture was used to transform
strain CSH73(Aleu), following procedures described
by Lederberg and Cohen (27). After the chilling and
heat-pulse steps and a 2-h recovery period in L-
broth, samples were plated on nutrient agar plates
containing 20 ,ug of tetracycline per ml and sepa-
rately on similar plates previously spread with 109
particles each of XcIb2 and XcIh8O. Transformants
were purified, grown in M9 medium containing glu-
cose and Casamino Acids (10), and treated for 10 h
with 170 ,ug of chloramphenicol per ml to amplify
plasmid DNA (10). After lysis by lysozyme-deter-
gent treatment (23), cleared lysates were prepared
(23), and samples of the latter were analyzed by
agarose gel electrophoresis (15). In some cases, plas-
mid DNA was purified from cleared lysates by cen-
trifugation in cesium chloride-ethidium bromide
gradients (23). Strains carrying plasmid pCV2 were
always grown in the presence of20 ,ug oftetracycline
per ml, because otherwise the plasmid was lost at a
high frequency.

Estimation of the number of plasmids per chro-
mosome. For the isolation of total cellular DNA,
cells were centrifuged, washed in 1 volume of buffer
containing 18.9 mM KH2PO4 and 10.4 mM Na2HPO4
(pH 7.5), and suspended in 1 ml of buffer containing
10 mM Tris-hydrochloride (pH 8.0), 10 mM EDTA,
and 50mM NaCl. To each sample was added 50 ,ul of
10% sodium dodecyl sulfate and 50 ul of a solution
containing 1 mg of proteinase K (EM Laboratories,
Elmsford, N.Y.) per ml (18). [14C]thymine-labeled
DNA (16,000 cpm, isolated from strain CSH73 by the
same procedure) was added to allow estimation of
DNA recovery, and the samples were incubated for
12 h at 37°C. An equal volume of phenol was added,
each sample was shaken gently and centrifuged,
and the water layers were removed and dialyzed
against the second buffer described above. After
dialysis, samples were treated with 50 Mug of RNase
A per ml for 4 h and then with 0.5% sodium dodecyl
sulfate and 50 Mug of proteinase K per ml for 12 h at
37°C. Phenol extraction was repeated, and the water
layers were dialyzed against a solution containing
10 mM Tris-hydrochloride (pH 8.0) and 10 mM
EDTA. This DNA isolation procedure is similar to
one known to yield a plasmid preparation that is
almost entirely nicked (13). Portions were added to 2
ml of 1 mM EDTA, denatured by heating in a boiling
water bath for 3 min, and then cooled quickly on ice.
The denatured DNA was adhered to nitrocellulose
filters as described by Bovre and Szybalski for the
filter hybridization method (4).
pCV1 DNA was isolated from strain CSH73 by

cesium chloride-ethidium bromide gradient centrif-
ugation (23) as described above for pCV2 DNA. A
reaction mixture for in vitro transcription of this
DNA contained the following in a total volume of 0.1

ml: 20 mM Tris-hydrochloride (pH 7.9), 10 mM
MgCl2, 0.1 mM dithiothreitol, 0.1 mM EDTA, 50mM
KCI, 0.3 mM cytidine 5'-triphosphate, 0.3 mM gua-
nosine 5-triphosphate, 0.3 mM adenosine 5'-tri-
phosphate, 50 MACi of [3H]uridine 5'-triphosphate (1
Ci/mmol), 5 Mg of pCV1 DNA, and 3 U of RNA
polymerase (Miles Laboratories). After 30 min at
37°C, 200 MAg ofE. coli B transfer RNA (tRNA) was
added, and RNA was isolated as described.

Total cellular DNA bound to filters was hybrid-
ized to a constant amount of [3H]RNA transcribed
from pCV1 DNA in vitro, using the filter hybridiza-
tion technique of Bovre and Szybalski (4). Experi-
ments were run in triplicate, and for each plasmid
number determination, at least two different
amounts of DNA were analyzed. The amount of
plasmid DNA in a sample was determined from a
standard curve prepared from samples containing
known amounts of pCV1 DNA mixed with a 25- to
35-fold excess of chromosomal DNA. The number of
plasmids per chromosome, n, was calculated from
the equation n = PM/(T - P), where P is the
amount of plasmid DNA in the sample, M is the
ratio of molecular weights ofthe E. coli chromosome
and the plasmid chromosome (2.5 x 109/1.1 x 107),
and T is the total amount ofDNA in the sample. The
recovery ofDNA was about 80% for most samples.

RESULTS
Comparison of leu enzyme levels with the

rate of synthesis of leu-specific mRNA ' E.
coli strains grown in a chemostat. Initi& x-
periments were performed with a chemosE to
achieve uniformity of growth conditions and
the ability to repress or derepress the leicine
operon. Strains having lesions in leuA (CV437),
leuB(CV438), leuD(CV528), or leuABCD-
(CSH73) were grown in a chemostat under con-
ditions of leucine limitation (Table 2). The spe-
cific activities of a-isopropylmalate (IPM) syn-
thase (leuA gene product; a-IPM a-ketoisoval-
erate lyase [coenzyme A acetylating], EC 4.13)
and j8-IPM dehydrogenase (leuB gene product;
2-hydroxy-4-methyl-3-carboxyvalerate:NAD+
oxidoreductase, EC 1.1.1.85) were determined
in crude extracts prepared from these strains.
For comparison, data are also presented for
prototrophic strain CSH62 grown in an Erlen-
meyer flask with an excess of leucine and for
strain CSH26 grown in a chemostat with excess
leucine present but with a proline limitation.
Clearly, limitation of leucine causes significant
derepression of the leucine operon ofE. coli, in
the range of 45- to 90-fold above repressed lev-
els. The specific activities of a-IPM synthase
and (8-IPM dehydrogenase were usually ob-
served to vary coordinately, as they do in S.
typhimurium (7, 8).
To determine the rate of synthesis of leu-

specific mRNA, a portion of each ofthe cultures
described in Table 2 was pulse-labeled with
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[3H]uridine. [3HIRNA isolated from these cul-
tures was hybridized to the separated strands of
phages A and AG4(pleuABCD) (Table 3). We
showed previously that the r strand of AG4
corresponds to the r strand of A(14). Some 4 to
5% of pulse-labeled RNA isolated from cultures
grown under leucine limitation hybridized spe-
cifically with the r strand of AG4(pleuABCD).
An estimate of the rate of synthesis of leu-
specific mRNA in repressed cultures was made
as follows. Strain CV437, a proline auxotroph,
was grown in a chemostat and pulse-labeled
under conditions of excess leucine and limiting

proline. A small (0.23%) but significant fraction
of [3H]RNA isolated from this strain hybridized
to the r strand of phage AG4 (Table 2, line 2).
Another estimate, made using the filter hybrid-
ization method (4), was 0.27 0.1% (average
of five determinations). A similar value was
obtained for strain CSH26 grown under the
same conditions (Table 2). If it is assumed that
all of this RNA is leu mRNA, then limiting an
auxotroph for leucine causes about a 20-fold
increase in the rate of leu mRNA synthesis
(Table 2, compare lines 2 and 3). However,
some ofthe hybridization is probably not due to

TABLE 2. Comparison ofleu enzyme levels and the rate ofsynthesis ofleu mRNA in E. coli strains grown in a
chemostat

Sp act"
Rate of s3mthesis ofStrain Limiting amino acid a-IPM syn- 8-IPM dehydrogen- ku-specific mRNAM

these ase

CSH26 (Apro) Proline 0.72 (1) 1.46 (1) 0.25 (1)
CV437(leuA371 Apro) Proline <0.001 (1) 0.78 ± 0.22 (6) 0.23 ± 0.06 (5)

Leucine <0.001 (1) 70 ± 41 (5) 4.8 ± 0.76 (13)
CV438(leuBO61 Apro) Leucine 12.5 (1) <0.006 (1) 3.8 (1)
CV528(leuD141) Leucine 14.8 (1) 31.1 (1) 4.2 (1)
CSH73(Aleu) Leucine <0.001 (1) <0.006 (1) 0.18 ± 0.16 (12)
CSH62 None; excess leucine 0.24 (1) 1.5 (1)

presentd

a Strains except CSH62 were grown in a chemostat at a generation time of 134 min in minimal medium.
During leucine limitation, fresh medium was introduced that contained 10 ,ug of L-leucine per ml and 50 ,ug
of L-proline per ml; during proline limitation, the concentrations were 100 ,ug of L-leucine per ml and 5 ,ug of
L-proline per ml.

b Micromoles of product formed per hour per milligram of protein. For each determination, duplicate
samples were run. The number of determinations is given in parentheses.

e Percent of input [3H]RNA that hybridized to the r strand of AG4 phage (see Table 3). The value for
CSH26 was obtained by the filter hybridization technique described by Bovre and Szybalski (4) and is the
average of three determinations.

d CSH62 was grown in an Erlenmeyer flask in minimal medium containing 50 ug of L-leucine per ml.

TABLE 3. Hybridization ofpulse-labeled [3H]RNA isolated from leucine auxotrophs grown in a chemostat
with the separated strands ofphage Apleu

cpm bound tob:
Strain Limiting RNA in- 1 gAg of DNA from: Input cpm bound to

amino acid" put'b (cpm) No XG4rc (%)

DNA Al xwG4 )AG4r
CV437(leuA371 Apro) Proline 256,000 128 202 186 249 726 0.23 ± 0.06 (5)

Leucine 32,000 41 140 152 124 1,692 4.8 ± 0.76 (13)
CV438(1euBO61 Apro) Leucine 32,700 62 60 81 140 1,330 3.8 (1)
CSH73 (Aleu) Leucine 91,400 130 164 146 244 400 0.18 ± 0.16 (12)

a RNA was isolated from the same cells that were used in the experiment described in Table 2. See foot-
note a, Table 2, for the conditions of growth. The length of the pulse was 3 min.

b Data are for a single experiment. The relatively high background in some experiments is probably due
to a small amount of single-stranded chromosomal DNA contaminating the RNA preparation.

c Because values for no DNA, Xl, Ar, and XG41 were so similar, an average of the four was taken as a
mieasure of the nonspecific bindings of label to the filters. This average was subtracted from the counts per
minute hybridizing to KG4r DNA, and the latter number was divided by the input counts per minute to give
percent input counts per minute bound to XG4r. The average from several experiments is shown, together
with the standard deviation and the number of determinations (in parentheses). Each determination
employed duplicate filters.
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leu mRNA, because about 40% of the bacterial
DNA carried by XG4 is not part of the leucine
operon (15). An estimate of non-leu mRNA that
hybridizes to the r strand of XG4 DNA was

obtained by carrying out the hybridization with
pulse-labeled RNA isolated from strain
CSH73(Aara-leu) grown under conditions of
leucine limitation (Table 3). There is sufficient
variation in these data that an accurate esti-
mate cannot be made. However, it seems likely
that at least half of the hybridization observed
for cells grown in excess leucine is due to non-
leu mRNA. This would place the increase in
mRNA synthesis (about 40-fold) in the same
range as the increase in enzyme levels (45- to
90-fold). We conclude that under these condi-
tions of growth, leucine-forming enzyme levels
are roughly proportional to leu-specific mRNA
levels (compare columns 4 and 5 in Table 2).

Levels of leucine-forming enzymes in crude
extracts of E. coli K-12 grown in different
media. The study described above employed
leucine auxotrophs grown in a chemostat. To
investigate more stringent conditions of repres-
sion, enzyme levels were measured in crude
extracts of leucine prototrophs grown in mini-
mal, supplemented minimal, and rich media
(Table 4). The addition of L-leucine at 50 ,ug/ml
to a minimal medium repressed (3-IPM dehy-
drogenase fornation by a factor of 3 to 4. Addi-
tion of more leucine had no further effect upon
dehydrogenase levels (data not shown). How-
ever, enriching the minimal medium by adding
Casamino Acids or a mixture of amino acids,
purines, pyrimidines, vitamins, and trace min-
erals caused a significant reduction in the spe-
cific activity of ,-IPM dehydrogenase. A fur-
ther large reduction in specific activity was

observed when cells were grown in a very rich
medium such as tryptone broth or tryptone
broth containing yeast extract. A mixing exper-

iment was performed to determine whether ex-

tracts prepared from cells grown in rich me-

dium contain substances that inhibit these en-

zymes. Extracts prepared from strain CSH73
(Aara-leu) grown in tryptone broth or tryptone
broth and yeast extract were mixed with an ex-

tract of strain CSH26 grown in minimal me-

dium. No inhibition of either enzyme was ob-
served.
The data in Tables 2 and 4 taken together

demonstrate that leucine-forming enzyme lev-
els in E. coli K-12 vary more than 1,000-fold,
depending upon conditions of growth. The hy-
bridization techniques described in the previous
section are not sensitive enough to determine
whether the proportionality between mRNA
and enzyme levels is maintained under condi-
tions of severe repression. However, the isola-
tion of strains possessing multiple copies of the
leucine operon, described below, allowed us to
investigate this question.

Isolation of plasmids carrying portions of
the leucine operon of E. coli K-12.
XG7(dleuABC) is a defective phage carrying all
of the leucine operon except the operator-distal
portion of leuD (15) (Fig. 1). A portion of the X

genome extending from the b2 region through
gene N is missing in phage XG7, but as indi-
cated below, gene cI857 is present. Endonucle-
ase EcoRI cleaves XG7 DNA into four frag-
ments, the second largest of which (fragment
B, molecular weight 6.7 x 106) contains the
leucine operon (Fig. 2).

Plasmid pMB9, a derivative of plasmid
ColEl, exists in about 20 copies per cell, is

TABLE 4. Specific activity of f3IPM dehydrogenase in crude extracts ofE. coli K-12 grown in different media

Sp actb

Strain Mediuma Generation
time (min) a-IPM syn- ,-IPM dehy-

these drogenase

CSH62(thi) Minimal 60 0.74 4.4
Minimal + leucine 60 0.35 1.5
Minimal + Casamino Acids 25 0.08 0.48
Tryptone broth 25 0.01 0.02
Tryptone broth + yeast extract 25 0.013 0.01

CSH26(thi Alac-pro) Minimal 60 0.24 2.7
Minimal + leucine 60 0.09 0.70
Minimal + Casamino Acids 25 0.04 0.41
Synthetic rich medium 25 0.02 0.10
Tryptone broth 25 0.008 0.04
Tryptone broth + yeast extract 25 0.002 0.009

a Leucine and Casamino Acids were added at concentrations of 50 ,ug/ml and 0.12%, respectively. Thia-
mine (1 ,ug/ml) and proline (50 jug/ml) were added where required. Synthetic rich medium is minimal
medium containing 20 amino acids, vitamins, minerals, and nucleotide bases (30).

b Micromoles of product formed per hour per milligram of protein. Values are for a single determination,
each done in duplicate.
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FIG. 1. Diagrammatic representation
mation of plasmids pCV1 and pCV2.
XG7(dleuABCD*) and XG4(pleuABCD).
dicate positions of cleavage by endonucle
Double line, Phage DNA; single line, bact
(b) Expanded view offragments carrying
An asterisk indicates that only a portion o)
is present. (c) Plasmids pCV1 and pCV
derived from ColEl and pMB9 are repreJ
thickened line.

pCV2 pMB9 XG7

FIG. 2. Agarose gel electrophoresis ot
gests of X, XG7(dleuABC), pMB9, and pC
leuABC) DNAs.

cleaved at a single site by EcoRI, and
gene specifying resistance to tetracyl
Fragment XG7 EcoRI-B, isolated by g
phoresis, was ligated to EcoRI-treal
DNA, and the mixture was used to
CSH73(Aleu). Samples of the mixt

spread on plates containing tetracyline and sep-
XG4 arately on plates containing tetracycline and

,N e O R particles of Xclb2 and XcIh8O. The frequency of
Tetr and TetrXllh cells was 2 x 10-5 and 2 x 106,
respectively. Six of 32 clones selected for Tetr
were Aimm

Cultures of 11 TetrXimm clones and 1 Tetr clone
were treated with chloramphenicol to amplify
the plasmid, and samples of cleared lysates
prepared from them were electrophoresed on
agarose gels after treatment with EcoRI. Plas-
mid DNA from 9 of 11 TetrXimm clones showed
two bands corresponding in mobility to frag-ments AG7 EcoRI-B and pMB9 EcoRI-A (see
track 1, Fig. 2 for an example). The plasmid
from the Tetr clone was pMB9 as expected. The

of the for- recombinant plasmid is designated pCV2.
(a) Phages Phage XG4(pleuABCD) carries the entire
Arrows in- leucine operon ofE. coli K-12 (15). The latter is
?ase EcoRI. intact on an EcoRI-generated fragment (frag-
leugenes. ment B, molecular weight 7.3 x 106) of the

,ltheDgene phage DNA (Fig. 1). With methods similar to
f2. Regi,ons those described above, a recombinant plasmid
sented by a was cloned after ligation of XG4 EcoRI-B with

EcoRI-treated ColEl (M. J. Finley an& J. M.
Calvo, unpublished data). This recombinant
plasmid was designated pCV1.

X Comparison of leu enzyme and mRNA lev-
els in strain CV511(CGSC 4205/pCV1) grown
in different media. Since strain CV511(CGSC
4205/pCV1) lacks a functional leuB gene on the
chromosome, f3-IPM dehydrogenase produced
by this strain is specified entirely by the leuB
gene carried on plasmid pCV1. The level of,B-
_IPM dehydrogenase in this strain grown in

minimal medium containing leucine was about
20 times higher than that for a wild-type strain
grown under the same conditions (Table 5, line
2).
The elevated levels of 1-IPM dehydrogenase

in strain CV511 might be due to a gene dosage
effect, since ColEl-related plasmids are known
to be present in multiple copies per cell (10).
The number of copies of plasmid per cell was
determined by RNA-DNA hybridization. Total
cellular DNA, isolated by phenol extraction
after lysis by sodium dodecyl sulfate and diges-
tion with proteinase K and RNase, was dena-
tured, adsorbed to nitrocellulose filters, and hy-

EcoRI di- bridized to 3H-labeled complementary RNA
WV2(pMB9- prepared by transcription of pCV1 DNA in vi-

tro. A standard curve of counts per minute
hybridized versus amount of pCV1 DNA was

I carries a not linear (Fig. 3), and therefore a set of pCV1
cline (32). DNA standards was included in each determi-
,el electro- nation of an unknown. Using this assay, we
ted pMB9 estimated that strain CV511 grown in minimal
transform medium plus leucine contained about 20 copies
ture were of plasmid pCV1 per chromosome (Table 5, line
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TABLE 5. Comparison of leu enzyme levels, leu mRNA levels, and the number ofpCV1 plasmids for strain
CV511(CGSC 4205/pCVI) grown in different media

3p act" of /-IPM dehydrogenase in strain: CV511 mRNAine by No. of
Medium" pl8chromo

CSH26 CSH62 CV511 Pulse-label Competition hy- someexptc bridiZationd

Min 2.7 (3.9) 4.4 (2.9) 74 + 7 (2.3) 0.38 (2.1)
Min + leu 0.70 (1) 1.5 (1) 32 (1) 1.37 (1) 0.18 (1) 18
Min + CAA 0.41 (0.59) 0.48 (0.32) 8.2 ± 1.5 (0.26) 0.90 (0.65) 0.06 (0.3) 19
TB 0.04 (0.057) 0.2 (0.013) 2.7 ± 0.5 (0.08) 0.18 (0.13) 0.04 (0.22) 25
TYE 0.009 (0.013) 0.01 (0.007) 0.84 ± 0.18 (0.026) 0.07 (0.05) 0.0075 (0.04) 50

a Min, Minimal medium (15); leu, 50 ,g of ileucine per ml; CAA, 0.12% Casamino Acids; TB, tryptone
broth (5); TYE, tryptone broth plus yeast extract (5).

b Micromoles of product formed per hour per milligram of protein. The values for CSH26 and CSH62,
taken from Table 4, are shown for comparison.

c Determined as indicated in Table 3 and in Materials and Methods. The values represent the percentage
of total pulse-labeled RNA that hybridize to the r strand of XG4 DNA.

d The values represent the slopes of curves of the type shown in Fig. 4. When RNA from strain
CSH73(Aara-leu) served as competitor, the slope was 0.0015. The data above have not been corrected for any
such background.

e Determined as shown in Fig. 3.

E °
->

0.5 1.0
pCV4 (Col El - /eL) DNA (,aLg)

FIG. 3. Standard curve for plasmid number de-
termination. The ordinate represents counts per min-
ute firom [3H]RNA transcribed in vitro firom plasmid
pCVI DNA that hybridized to the indicated amounts
ofpCVI DNA. Each hybridization took place in the
presence ofa -25-fold excess ofE. coli DNA.

2). Thus, under these conditions of growth, leu
enzymne levels were directly proportional to the
number of leu genes per cell.
The experiments described above were also

carried out with strain CV511 grown in mini-
mal medium, in supplemented minima media,
and in rich media (Table 5, lines 1, 3, 4, 5). For
comparison, similar values for strains CSH26
and CSH62 are included in Table 5. Whereas
the number ofplasmids per chromosome did not
vary appreciably for strain CV511 grown in
different media, the level of 8-EPM dehydrogen-

ase decreased markedly as the medium became
richer. Moreover, if the amount of dehydrogen-
ase in cells grown in minimal medium contain-
ing leucine is arbitrarily set at 1, then the
relative increase or decrease in level was
roughly the same for the three strains. This
suggests that the expression of one leu gene in
strain CV511 is not being affected by expression
of other leu genes in the same strain. This, in
turn, makes mRNA measurements on this
strain meaningful.

leu-specific mRNA in strain CV511(CGSC
4205/pCV1) was determined by two different
methods. Data from the pulse-label method are
shown in Table 5. The relative decrease in the
rate of mRNA synthesis dependent upon
growth conditions was similar to the relative
decrease observed in enzyme levels. However,
the results obtained by the pulse-label method
are difficult to evaluate when different condi-
tions of growth are employed because of possi-
ble differences in uridine pool sizes and in the
rates of ribosomal RNA synthesis. For three
growth conditions, at least, the generation
times were the same (25 min; Table 4). Another
potential source of error stems from the fact
that the phage used to measure leu mRNA
contains about 2 x 106 daltons of non-leu bacte-
rial DNA (15). One could argue that most ofthe
hybridization observed was from non-leu
mRNA, and that growth of cells in rich medium
repressed synthesis of this non-leu mRNA.
As a check on the results of the pulse-label

method, we determined mRNA levels by hy-
bridization competition, a method that is not
beset by problems of labeling. Unlabeled RNA
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from cultures described in Table 5 was used as a
competitor in hybridizations involving pulse-
labeled [3H]RNA isolated from strain
CV437(leuA371) grown in a chemostat under
conditions of leucine limitation (Fig. 4). The
pulse-label method measures the rate ofmRNA
synthesis, whereas the hybridization-competi-
tion method measures steady-state levels of
mRNA. Ifthe values for cells grown in minimal
medium containing leucine are arbitrarily set
at 1, then the relative increase or decrease in
these values dependent upon growth conditions
is very similar for the two methods (Table 5).
The simplest interpretation of these results is
that the rate of leu mRNA degradation is the
same for all of these growth conditions, and
that therefore the decrease in steady-state lev-
els is due to a decrease in the rate of synthesis
of leu mRNA. These results also demonstrate
that the pulse-labeled RNA hybridizing to
XG4(pleu) DNA is, in fact, leu mRNA.

A MIN

B TYE
-.07

,B=0.0075

40 80

FIa. 4. Hybridization-competition data. [3H[RNA
isolated from a leucine auxotroph grown under con-

ditions of leucine limitation was mixed with un-

labekd RNA and hybridised to the r strand of XG5-
(leuABCD) DNA. Hy is the counts per minute hy-
bridized. Hy.,,, is the counts per minute hybridized
in the absence of competitor. Z is the ratio of the
weights of unlabeled and labeled RNA. (A and B)
UnlabeledRNA isolated from strain CV511 grown in
minimal medium and in tryptone-yeast extract, re-

spectively. (B represents the slope of each curve. Cir-
cles and triangles represent results from two different
experiments.

The important point is that mRNA levels
were considerably reduced under conditions of
severe repression of the leucine operon (Table
5). Thus, the lowered enzyme levels observed
for cells grown in rich medium is due, at least
in part, to a reduced rate of transcription of leu
mRNA. Since strain CV511 has about 20 copies
ofthe leu operon per chromosome, and since the
expression of one leu operon seems to be unaf-
fected by other leu operons, the rate of leu
mRNA synthesis in a wild-type strain can be
estimated as 1/20 that in strain CV511. There-
fore, the difference between the highest and
lowest rate of leu iRNA synthesis was greater
than 1,000-fold (4.8% for a culture grown in a
chemostat versus 0.07/20 = 0.0035 for a culture
grown in tryptone plus yeast extract).
Comparison of leu enzyme and mRNA lev-

els in strain CV510(CSH73/pCV2) grown in a
chemostat. As described earlier, iicreasing the
number ofleucine operons per cell by a factor of
20 resulted in a proportional increase in levels
of leucine-forming enzymes. One possibility is
that there was sufficient putative repressor so
that in the presence of excess leucine, expres-
sion ofeach leucine operon remained relatively
low. Another possibility is that expression of
the leucine operon in strain CV511(CGSC 4205/
pCV1) grown in minimal medium was near
maximal due to the limitation of some factor
necessary for expression of the operon. To elim-
inate one of these two possibilities, we grew
strain CV510[CSH73(Aleu)/pCV2 leuABC] in a
chemostat under conditions of leucine limita-
tion and measured leu enzyme levels and the
rate of leu mRNA formation (Table 6). Clearly,
the leucine operon of strain CV510 was dere-

TABLE 6. Comparison of leu enzyme levels, leu
mRNA levels, and the number ofpCV2 plasmids for

strain CV510(CSH73IpCV2) grown under
conditions of repression and derepression

Input cpm (%) bound No. of
p-IPM to,, plas-Growth condi- .iIPt.:pntionsd dehydro- mids/gepnase Ar XG41 AG4r chromo-

somed

Chemostat, leu- 500 1.6 1.0 3.2 28.3 114
cine limiting

Minimal + leu- 46 45
cine

1 'Strain CV510 was grown in minimal medium contain-
ing 20 Mg of tetracycline per ml in a chemostat (generation
time, 134 min; ileucine in fresh medium at 10 ,ug/ml) or in
shake cultures supplemented with 50 Mg oft-leucine per ml.

* Micromoles of product formed per minute per milli-
gram of protein.

e Determined as indicated in Table 3 and in Materials
and Methods. Input was 37,000 cpm. Hybridization to a
filter lacking DNA gave 193 cpm.

dDetermined as shown in Fig. 3.

4

No%

I

2
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pressed under conditions of leucine limitation.
The specific activity of 3-IPM dehydrogenase
was 10-fold higher than that observed for the
same cells grown in the presence of excess leu-
cine (Table 6) and several hundred-fold higher
than that for a wild-type strain grown in mini-
mal medium containing excess leucine. A spe-

cific activity of 500 ,umol/h per mg of protein
corresponded to 10% of the total protein in the
cell being ,B-IPM dehydrogenase.
Growth of plasmid-containing strains under

conditions of partial starvation for an amino
acid might be expected to cause amplification of
the plasmid DNA. Certainly, plasmid DNA is
amplified when protein synthesis is inhibited
by chloramphenicol (10) and when cells are to-
tally starved for an amino acid (11). An in-
crease in the number of plasmids per cell was
observed for chemostat-grown cells, but the in-
crease (2.5 times) was not large enough to ac-

count for the degree of derepression observed
(10 times; Table 6).
A high proportion of the pulse-labeled RNA

isolated in this experiment hybridized to the r

strand ofA4(pleuABCD) (28%; Table 6). Almost
all of this RNA was complementary to bacterial
DNA on XG4, since only 1% of the label hybrid-
ized to Xr DNA. It remains to be determined
how much of the hybridizable label is in leu
mRNA and how much is in other bacterial
mRNA.

DISCUSSION
Expression of the leucine operon of S. typhi-

murium was shown to vary from a relative
value of 1 (cells grown with excess leucine) to a
relative value of about 40 to 60 (cells grown
under conditions ofleucine limitation) (8). Here
we demonstrate that the same is true forE. coli
K-12. Furthermore, the minimum expression of
the leucine operon of E. coli is very low (rela-
tive value less than 0.02 for cells grown in a

medium containing tryptone and yeast ex-

tract), so that the total range of expression in
this organism is at least several thousand-fold.
Expression of the operon over the range of 1 to
40 is clearly controlled by the availability of
leucine. The intracellular concentration of leu-
cine determines the level of leucyl-tRNA, and
the latter probably plays a more direct role in
repression than does leucine (1, 12, 31). Is
expression of the leucine operon over the range
of 1 to 0.02 also under the control of leucine?
This could be the case, for example, if Casa-
mino Acids facilitated entry of leucine or if
leucine-containing peptides in tryptone broth,
transported by an independent mechanism, re-

sulted in a higher intracellular pool of leucine.

Another possibility is that expression of the
leucine operon is determined in part by the
growth rate of the cells. This cannot be the
predominant factor, because a considerable
amount of repression occurs under conditions
where the generation time is a constant 25 min
(Table 4). A third possibility is that one or
several components of complex media signal
the presence of a rich medium and that this in
turn leads to further repression of the leucine
operon by an unknown mechanism.

It may be noted that tRNAI*U isolated from
cells grown in minimal medium containing leu-
cine is charged to the extent of about 98% (1).
Thus, if leucyl-tRNA.is a co-repressor regulat-
ing the entire range of expression ofthe leucine
operon, then charging the remaining 2% of
tRNAI-U results in more than 50-fold repression
of the operon.

Regardless of the nature of the repression
signal, it is pertinent to ask whether a single
mechanism functions in controlling the operon
over a several thousand-fold range of expres-
sion. An operator-repressor interaction controls
the lac operon over a 1,000-fold range of expres-
sion (17). On the other hand, regulation of the
trp operon occurs by two mechanisms, one in-
volving an operator-repressor interaction (33)
and a second involving a transcription attenua-
tion mechanism (3). Also, there have been sug-
gestions that some operons are controlled in
part at the level of translation (24, 26). The fact
that leu-specific mRNA levels are roughly pro-
portional to enzyme levels over a wide range of
values is consistent with the leucine operon
being controlled predominantly at the level of
transcription. We have no direct evidence for
either an operator-repressor mechanism or a
transcription-attenuation mechanism. The
properties of operator-constitutive mutations
described previously (9) can be easily reconciled
with either mechanism. Indeed, some hisO mu-
tations are now interpreted as being deletions
within a putative-transcription attenuator (2,
20). An unlinked regulatory locus affecting leu-
cine operon expression (16) could code for a
repressor, but some other role for this locus (an
involvement in tRNA synthesis or maturation,
for example [6]) cannot be excluded. In some
preliminary experiments designed with the
transcription-attenuation model in mind, we
measured leucine-forming enzyme levels in
suA strain 2054 studied by Wasmuth and Um-
barger (35) and in three psu strains described
by Korn and Yanofsky (22). Leucine enzyme
levels in these strains were identical with those
in the parent strains.
The results in Table 6 indicate that in the

absence of a signal for leucine limitation, the
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leucine operon remains extensively repressed,
even when the number of copies ofthe operon is
elevated by a factor of 20 to 30. The same con-
clusion was reached when the number of copies
of the operon was amplified by multiplication of
phage XG4(pleuABCD) (15). Therefore, there is
no indication of escape synthesis from the leu-
cine operon, as is the case when the lac repres-
sor is titrated out by multiple copies ofthe lacO
gene (28). Hershfield et al. similarly observed
that tryptophan-forming enzyme levels were
repressed in a strain containing multiple copies
of the trp operon as ColE-trp (19). We conclude
that if a leu repressor exists, it must either be
coded for by a gene carried by plasmids pCV1
and pCV2 or be present in higher concentration
(>50 copies per cell) than is the lac repressor
(about 20 copies per cell) (17). Furthermore, the
fact that such a large proportion of the cells'
transcriptional and translational machinery
can be mobilized toward leucine biosynthesis
(Table 6) indicates that, if a positive regulatory
factor is required for expression ofthe operon, it
must exist in at least hundreds of copies per
cell.
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