Genetic Regulation: The
Lac Control Region

The nucleotide sequence of the lac control region

containing the promoter and operator is presented.

Robert C. Dickson, John Abelson,
Wayne M. Barnes, William S. Reznikoff

The molecular basis of gene regula-
tion is best understood in the case of
the lactose (lac) operon in Escherichia
coli. When inducers such as lactose or
other B-galactosides are added to a
culture of E. coli, there is a 1000-fold
increase in the rate of synthesis of B-
galactosidase, B-galactoside permease,
and thiogalactoside transacetylase. The
genes for these three proteins are linked
together on the E. coli chromosome as
shown in Fig. 1. The three genetic ele-
ments involved in control of the lac
operon are also shown. These are the
repressor gene, i, the promoter, p, and
the operator, o. It was the phenotypic
properties of lac i and lac o mutations
that led Jacob and Monod to propose
their classic model for the control of
gene expression (/). An updated ver-
sion of this model as it applies to the
lac operon is reviewed below.

1) Genes function by serving as
templates for the synthesis (transcrip-
tion) of messenger RNA (mRNA).
The complex protein synthesizing ma-
chinery translates mRNA into poly-
peptide chains.

2) The operon, genes z, y, and a,
is a single unit of transcription. Tran-
scription is initiated at p. Mutations in
p result in a coordinate change in the
level of synthesis of all products of the
operon (2).

3) Transcription of the operon is
both negatively and positively con-
trolled. Negative control is mediated
by the lac repressor which binds specifi-
cally and tightly to o thereby prevent-
ing transcription (3). Mutations in o
or in the i gene generally result in con-
stitutive synthesis of the products of the
operon (I). Positive control of the lac
operon is exerted via the phenomenon
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termed catabolite repression. Expression
of the lac operon (and other catabolite
repressible operons) is repressed when
glucose, a more efficient source of
carbon than lactose, is present in the
medium. By an as yet undetermined
mechanism, the presence of glucose
results in a decreased concentration of
intracellular adenosine 3’,5’-monophos-
phate (cyclic AMP) (4). Cyclic AMP
is required for efficient expression of
the lac operon since it activates the
catabolite gene activator protein (CAP)
which in turn activates transcription of
lac by RNA polymerase (5).

Control of gene expression in the lac
operon is thus mediated by the specific
interaction of three proteins, RNA
polymerase, CAP, and the lac repressor,
with distinct DNA sequences in the lac
p-o region as shown in Fig. 1. These
sequences have been defined genetically;
the function of each sequence can be
inferred from the phenotype of muta-
tions which alter the sequences. Locat-
ing these mutations in the lac p-o
nucleotide sequence could allow us to
assign functions to specific portions of
the sequence. Moreover, knowledge of
the sequence would be a first step
toward a detailed physical-chemical
description of the interactions between
these three proteins and their DNA
recognition sites. In this article we
report the determination of the nucleo-
tide sequence for the lac p-o region.

The sequence was determined by
analysis of RNA transcripts of the lac
p-o region. The method used to isolate
this RNA (6) is summarized in Fig. 2.
The method requires (i) uniform tran-
scription of the lac p-o region in vitro
either in the “natural” (LAC) direc-
tion or in the reverse (CAL) direction;

(ii) specialized A transducing phages
carrying genetic deletions defining both
sides of the p-o region; and (iii) spe-
cialized A transducing phages carrying
the p-o DNA in opposite orientations
vis-a-vis the phage genes. The construc-
tion of these phages has been described
(7). An advantage of this procedure is
that it does not rely on the physiologi-
cal activity of the genetic control signals
under study. It can, therefore, be ap-
plied without modification to the study
of point mutations introduced into the
DNA template.

The standard two-dimensional paper
electrophoresis (oligonucleotide map)
techniques developed by Sanger and co-
workers (8) were used for separating
oligonucleotides. RNA was labeled in
vitro with one nucleoside [a-32P]tri-
phosphate. Figure 3A shows a typical
ribonuclease T1 oligonucleotide map of
guanosine [e-32P]triphosphate—labeled
CAL RNA whose ends are defined
by deletions X8630 and X8555. This
result shows that the product is a
unique RNA molecule with a com-
plexity of about 140 nucleotides.
This RNA is complementary to p and
0, as can be shown by the effects of
introducing various deletions in the p-o
region of the DNA used for RNA-DNA
hybridization. For example, Fig. 3B
shows a ribonuclease T1 oligonucleotide
map of CAL RNA whose ends are de-
fined by deletions X8554 and W227.
Clearly several oligonucleotides have
been removed by these deletions. Ana-
lytical hybridization and further sepa-
ration data have proved the specificity
of the p-o RNA (6). Figure 3C shows
a comparable ribonuclease T1 oligo-
nucleotide map of LAC RNA. This
pattern is unique and has about the
same complexity as CAL RNA.

Determination of the sequence. The
nucleotide sequences (Fig. 4) of CAL
and LAC RNA were determined in the
following way.

1) Oligonucleotides produced by sep-
arate digestions of LAC and CAL RNA
with either pancreatic ribonuclease A
or nibonuclease T1 were sequenced by
nearest neighber sequencing techniques
(8). All but the five largest oligonucleo-
tides, CAL T25, CAL T26, LAC T17,
LAC T19, and LAC T20, could be se-
quenced from the nearest neighbor
data alone (Tables 1 and 2). Diges-
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Fig. 1. The lac region of the E. coli chro-
mosome. The lac p-o region has been
greatly expanded in this figure to the size
of the lac i, z, y, and a genes.
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Fig. 2. Isolation of RNA complementary
to p and o. RNA is transcribed in vitro
from lambda (A\) plac 5 DNA with E.
coli RNA polymerase holoenzyme. Our
conditions in vitro allow transcription of
sequences that are not transcribed in vivo
such as the lac promoter. RNA comple-
mentary only to the p-o region is isolated
by first hybridizing the complete in vitro
transcript to the r strand of Aptrp/lac
X8555 DNA. The lac genes z, y, and a
are deleted from Aptrp/lac X8555. Al
unhybridized RNA including that com-
plementary to genes z, ¥, and a and to the
1 strand of A is digested with ribonuclease
A leaving a piece of hybridized RNA that
has one end terminating near the start of
the z gene. This RNA is eluted and rehy-
bridized to the 1 strand of Aptrp-lac

X8630, a transducing phage in which most of the lac i gene has been deleted. Un-
hybridized RNA, particularly that complementary to the i gene and to the r strand of A,
is digested with ribonuclease A, and the hybridized RNA is eluted. We call this LAC
RNA since it has been transcribed in the same direction as lac mRNA. By using
¢80plac I DNA as the in vitro template and by using opposite DNA strands for the
RNA-DNA hybridizations we can isolate RNA transcribed from the opposite strand.
We call this CAL RNA. More than 90 percent of the final RNA hybridizes specifically

to the p-o region (6).
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Fig. 3. Two-dimen-

- sional ribonuclease
s T1 oligonucleotide
QE maps of RNA com-
plementary to the

lac p-o region.

. These autoradio-

7? graphs show the
oligonucleotide maps

Q of CAL RNA Ia-
beled with guano-
sine  [a-*Pltriphos-
phate, panels A and
B, and LAC RNA,
panel C, prepared as
described in Fig. 2.
The complexity of
the RNA is deter-
mined by the dele-
tions (Fig. 5) indi-
cated below each
panel. The sequence
of each numbered
oligonucleotide is
presented in Table

C xplac 5 - X8558 1. A comparison of

A and B shows that deletions X8554-W227 remove several oligonucleotides present
in the X8630-X8555 set and demonstrzte how oligonucleotides can be positioned in a

segment (Fig. 5) of the lac p-o region.
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tion of T17 with ribonuclease U2—this
enzyme yields products ending in 3’ G
(guanosine) or A (adenosine)—gives
2 moles of CUUUA (C, cytidine; U,
uridine). Of the ten possible sequences
compatible with the nearest neighbor
data, only the one in Table 1 is com-
patible with this result. Digestion of
LAC T19 with ribonuclease U2 gives 2
moles of CUCA. Of 14 possible se-
quences compatible with the nearest
neighbor data, two sequences could
yield this result. Only the sequence
given in Table 1 is compatible with the
sequences of oligonucleotides in the
complementary strand. The sequence of
CAL T25 is determined by sequences
in the complementary strand. Ambigui-
ties remain in the sequence of CAL
T26 (Table 5) and LAC T20 (Table
1). The sequence of CAL T19B was not
independently determined because ac-
curate nearest neighbor data could not
be obtained (Table 1).

2) The lac deletions carried by A
phages allowed us to divide the se-
quence into six segments (I to VI, Fig.
5). By examining RNA whose ends are
defined by various pairwise combina-
tions of these deletions we could place
many of the ribonuclease A and T1
oligonucleotides in a particular seg-
ment (last column of Tables 1 and 2).
This reduced the complexity of the
sequencing task. Essentially we were
faced with the problem of sequencing
three overlapping blocks (segments I,
II, and III; segments III, IV, and part
of V; and segments V, VI, and part of
IV) of about 50 nucleotides each,
rather than the more difficult job of
sequencing one molecule of 140 nucleo-
tides.

3) The nearest neighbor data (Tables
1 and 2) give a large number of possi-
ble sequences for each block. Over-
laps between the ribonuclease A and
T1 digestion products for a particular
strand restrict the number of possible
sequences but do not uniquely deter-
mine the sequence for any block. As-
suming Watson-Crick base pairing, we
have used oligonucleotides from the
complementary strand to obtain infor-
mation on the ordering of the T1
products. This is a powerful constraint
and in general severely limits the num-
ber of possible sequences. Ambiguities
in the sequence were further resolved
by the isolation and sequence analysis
of partial ribonuclease A digestion
products of LAC RNA. Several useful
overlaps in block 1 and block 3 were
obtained in this manner (Tables 3 and
5, respectively).
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Table 1. Ribonuclease T1 products from CAL RNA and LAC RNA. Ribonuclease T1 oligonucleotides obtained from CAL and LAC RNA.
Oligonucleotide numbers refer to those shown in Fig. 3, A and C. Nearest neighbors are given in brackets. In some cases, for example,
the ribonuclease A product AAU[U] from T25, the nearest neighbor was obtained from an alkali digest of the product. Products are nor-
malized to 1 mole unless preceded by another integer. Roman numerals indicate in which segment (Fig. 5) of the sequence an oligonucleo-
tide belongs. The letters NL mean that a product did not become labeled by the indicated radioactive triphosphate; R, treatment with
ribonuclease A; Alk, treatment with 0.5M NaOH.

xgx]élge(:)- Moles Treat- Labeled products resulting from o*2-P labeled Degh}ced sequence and
tide (No.) ment ATP CTP GTP UTP position (segment No.)
Ribonuclease T1 products from CAL RNA
T1 4 R G NL G G 2 G[G]*1V; G[UILV; G[AIIV
T2 2 Alk NL G C G CGI[UJ*I + II; CGICII + 11
T3 1 R NL C CG NL CCGIGI*IV
T4 3 Alk NL G A G AGI[CJ*IV; AG[C]III; AG[UIIII
TS 1 R NL C C NL CCCGICHHI 4- 11
T7 1 R AAG AAG AAG NL AAG[C]*IV
T9 5 Alk G G U G UG[A]*V + VI; UG[A]III; UG[C]LV;
UG[UILV; UG[U]V + VI
T10 1 R NL NL U CG CUGIUJ*VI
T12 1 R NL U, G CCUG[G]*IV
Alk NL C U, G C
T15 1 R AAAG,U AAAG NL UAAAGICIIV
Alk G A NL
T16 1 R AAAG, AU, C NL AAAG AAAG, AU CAUAAAG[UIIV
Alk NL A A, G
T17 1 R NL G U U UUGICJ*I 4+ IT
TI19A 1 R AAU,G,U C AAU AAU, C CCUAAUGIAJIII
T19B 1 R C AC, G, U U AC,C CUCACUGICHI 4+ 1T
T20 1 R AAAU NL U AAAUIUL G AAAUUGIUIV
T21 1 R U AU,G,C C AU, U UUAUCCGICIV
T23 1 R NL C, U U G,C,2U UUUCCUG[UJ$VI
T25 1 R AAU, AAC, AAC, AC, U AAU[U], ... UGICIMI 4+ 1T
AC,C,2U U, G léAC, AU[U],
T26 1 R AAU, AAC, 4AC, AC AAUJ[U] AU, ... ACG[A]**IV — V
AACI[A], C, 2U C
AU, 3AC,
G,2C
Ribonuclease T1 products from LAC RNA
T1 7-8 R G G G NL 3 GICI*IV; GICH + II; GI[GII + II;
G[AIIV — V; 2G[A]V
T2 3 R NL G G,C NL 2 CGIGI*V; 1 + II; CGICII 4+ 1T
T3 3 Alllk NL AG QG AG AGICJ*I 4 II; AG[C]V; AG[U]JIII
T4B 1 R C NL AG AG ' CAG[UI*L II
T4A <1 R AAAC AAAC NL NL AAACTHVI
TS5 1 R AAC,C AAC,G AAC NL CAACGICII 4 11
T6 R AAAG AAAG AAAG NL AAAGICII + 1T
T7 1 R C AC,C AG NL CACCCCAGIG]iilV
Alk A, G
T8 5 R G NL UG G 2 UG[A]*I + 1I; UGIA]V; UGIG];
UG[UIlV — V
T10 1 R NL U C CG CUCG[UNIV
T13 2 R NL NL U G, U UUG[U*IV -V
T14 2 R U AG AG, AU AU, G, U UAUGI[UIIV — V; UUAGIC]IIIL
T15 1 R AAU NL U AAUI[U]L G AAUUG[UIIV — V
T16 1 R NL C U G,C C U CUUCCGIG]IV or CCUUCG[G]§§
T17 1 R AC,2U 2AC, G AU AEI’JAC’ C, CUUUACACUUUAUGIC]YIV
T18 1 R AAU,C,U NL AAU AAU[U]L, G CAAUUAAUG[UII + II
T19 1 All{k U, 2C AC,2U :% AU[U), AC,C CUCACUCAUUAGIGII1I
T20 1 R AAU, AAC,2AC, U AG AAU[U], ... AG[Gl9V
AAC[A], AU, U
2AC, AU, C
Alk A,G
* Composition determined in part from mobility on a two-dimensional oligonucleotide map (Fig. 3). 1 The mobility of this spot indicates three C’s.
i This sequence is dictated by complement, oligonucleotide LAC T4B, and P12 as shown in Fig. 4. The nearest neighbor data for CAL T19B are weak
because the oligonucleotide was rarely present in molar yield and did not reproducibly separate from CAL TI19A. § Of three possible sequences
only this one is complementary to LAC oligonucleotide P14. q This oligonucleotide has not been sequenced. **This sequence is discussed in the
legend to Table 5. +1 The presence of this product in a ribonuclease T1 digest indicates that the ribonuclease A used in the purification procedure
often cleaved at this point. 1f Of three possible sequences only this one is complementary to CAL oligonucleotide P18. §§ This sequence is
eliminated because there is no GAAGG sequence in the CAL strand. €q The derivation of this sequence is discussed in the section on sequencing,

step 2, of the text.
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4) To prove that the sequence for
each block is unique we have employed
a computer program (9), which gen-
erates all possible sequences consistent
with a set of T1 products and their

nearest neighbors. Each member of the
set is then compared with the ribo-
nuclease A digestion products from the
same strand and both ribonuclease A
and T1 digestion products from the op-

posite strand. The data for blocks 1,
2, and 3 and the resulting sequences
(Tables 3, 4, and 5), indicate that the
sequence for block 1 is unique. There
is an unresolved ambiguity in the se-

LAC Strand
Pig8 PIS PI2 Pl PaA P7 PI6B P& PIOA PIOB
_ _— — — . 1 r Al
. _T6 T2 T4BTBI3T2 T5 Ti8 __ T8T3T148 Ti9 17 T17
i 5 GGAAAGCGGGCAGUG 6C CAACGCAAUUAAUGUGAGUUAGCUCACUCAUUAGGCACCCCAGGCUUUACACUUUAUG
gene 1 1o go 3;° 4o 50 §0
1
3 GCCCGUCACUC_Q ue_ UUAAuUACAcucAAugg_g@G__AGUAAucccueeeeucceAAAuggAAAUAg
T5 TI98 T2Ti17 12 T 25 T4 T9 T4 TI9A T9 TI2 TIS T9 T16
— [ S U § U | Ga— | ) J
P7A P4B P9B PIl P7B P8 Pl2 PIOA
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LAC Strand
P9 ﬁL.x ﬂi‘!,r‘iiﬁ,,"_l1 ‘ Pi4
Ti7 T16 TIO_ Ti4A TI378T8 _TI5 T8T3T2 | T20 L TJ4A
CACUUUAUGCUUCCGGCUCGUAUGWGUGUGGAAUUGUG GCGGAUAACAAUUUCACACAGGAAACA ¥ 4
i 1 1 !
60 70 so 90 100 110 120 gene
GUGAAAUACGAAGGCCGAGCAUACA(A.C)ACACCUUAACACUCGCCUAUUGUUAAAGUGUGUCCUUUGUC 5'
™ Ti6 17 7374 T26 T2l T20 1979 T23 TIO
J v —J ed d [—
PIOA Pl4 P9 A P4A P7A P1OB
CAL Strand

Fig. 4 LAC and CAL p-o RNA sequences. The LAC and CAL p-o RNA sequences are presented with the significant T1 oligonu-
cleotides (labeled T) and ribonuclease A oligonucleotides (labeled P). The numbers between the two strands indicate individual
nucleotide pairs starting with the first nucleotide beyond the lac 7 gene stop codon.

Table 2. Some ribonuclease A digestion products from CAL RNA and LAC RNA. Oligonucleotides were separated by two-dimensional elec-

trophoretic mapping (see Table 1).

Oligo-

Labeled products resulting from o-3?P labeled

nucleo- Moles Treat- Deduced sequence and
tide (No.) ment ATP CTP GTP UTP position (segment No.)
Ribonuclease A products from CAL RNA

P7 Alk A NL 2A,U AAU[GI*II; AAU[U]

T1 AAU
P8 Alk U NL U U, 3G GU[A]#*; GU[G]; GU[U]
P9 2 T1 G AG,C AG C GAGC[C]IV; GAGCI[UJIII
P10 2 T1 AAAG, G, NL AAAG, U AAAU, AAAG AAAGUIG]IV; GAAAU[UIV

AAAU

Alk AU A, G, U
P11 1 Tl G NL AG, U AG GAGU[G]*IIT
P12 1 T1 AAAG AAAG, C AAAG NL AAAGC[CIIV
P14 1 T1 AAG,G,C AAG AAG, C NL GGAAGC[AIIV
P18 1 T1 NL NL G,U G GGGGUIGITIV

Ribonuclease A products from LAC RNA

P6 Tt NL AG C AGC[UJ*III

Alk G C
P7 Alk A NL 6] AU AAU[GI*II; AAU[U]V
P8 Alk U NL U U, G GU[A]¥*; GU[G]; GU[U]
P9 1 T1 NL G G C GGC[UJ*IV
P10, P11 4 T1 G,C AG, G AGIG], C AGGCI[AJ*1II + IV; AGGC[UILV;

AG, C GAGC[G]V; GAGC[GL; I + II

P12 1 T1 NL NL AG, U AG AGUI[G]*I + 11
P14 1 Tl AAAC, G AAAC AG NL AGGAAAC VI
P15 1 T1 C G G NL GGGCIAJFI + II
P16 2 T1 AU[A], G NL AG, G AG, AU, U GGAU[A]V; GAGU[UIII
P17 1 T1 AAU, G NL G AAU[U] GGAAU[UJIV — V
P18 <1 T1 AAAG, G AAAG AAAG,G,C NL GGAAAGCI[GII

* Composition was also determined by mobility on a two-dimensional oligonucleotide map.

strand, oligonucleotide LAC T7, and also by mobility on a two-dimensional oligenucleotide map.

30

+ The number of G’s was determined by the complement
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quence for block 2 involving LAC T13- .

UUG(U) and LAC T8-UG(U) at

nucleotides 77 to 81 (Table 4). We"

have not ordered these oligonucleotides;
consequently, we do not know the se-
quence for nucleotides 78 and 79
(Table 4 and Figs. 4 and 5). This am-
biguity could be resolved by inde-

pendently sequencing CAL .T26. The .

two possible sequences for block 3
differ in nucleotides 101 to 108. One
sequence (in CAL RNA) is
UGAAAUUG and the other is
AAAUUGUG. The former agrees with

the operator sequence of Maizels (10)-

and Gilbert and Maxam (1), and we
assume it is the correct sequence. To
verify this sequence we will have to
determine the sequence of LAC T20.
The RNA sequence for the entire p-o
region is shown in Fig. 4. The position
of significant T1 and ribonuclease A
products is indicated.

The complete DNA sequence of the
lac p-o region defined by the end points
of the deletions carried by Aptrp/lac
X8555 and Aplac 5 is shown in Fig. 5.
The sequence overlaps on the left with
the i gene and on the right it comes
close to the z gene. Between the UGA
stop codon in the i gene and the AUG
start codon in the z gene, there are 122
base pairs (66 AT and 56 G- C).

Overlap with the i gene. The amino
acid sequence of the i gene product,
the lac repressor, is known (12). A
possible codon sequence for the four
amino acids at the carboxyl-terminus
correlates with the sequence of the
DNA at the 5’ end of the lac strand
(Fig. 5). There is a UGA stop codon
that immediately follows the carboxyl-
terminus of the glutamine (Gln) codon.
In addition there is another stop codon
in phase with the first one but four
codons away from it.

The sequence in this region extends
further into the i gene on the LAC
strand than on its complement (Fig.
4). This may be due to the proportion-
ately high number of purines on the
LAC strand in this region. These se-
quences would be resistant to the ribo-
nuclease A used in trimming the hy-
brids. This observation emphasizes that
the end points of the deletions in the
Aptrp-lac phages have not been deter-
mined exactly.

Experiments by Lebowitz et al.,
Pieczenik et al., Dahlberg and Blattner,
and Ikemura and Dahlberg (I3) sug-
gest that the sequence TTTTTTA is
an mRNA transcription termination
signal both in vivo and in vitro, There
is no such signal at the end of the i

. 10 JANUARY 1975

gene. - Recent experiments have indi-
cated that there may be no mRNA
stop signal for the i gene in vivo (14),
and our own experiments [those re-

_ported here and in (6)] indicate that

there is no obligatory transcription stop
signal in vitro.

The o-z region. Our sequence ends
two to four nucleotide pairs before the
initiation codon for B-galactosidase (see
Fig. 5). We infer this since our se-
quence prior to the initiation codon
agrees with the sequence of lac mRNA
determined by Maizels (10). Her se-
quence extends eight codons into the
z gene and agrees with that predicted
from the amino-terminal amino acid
sequence of B-galactosidase.

The operator. The operator is defined
genetically by a set of operator con-

Table 3. Computer analysis of sequence in
block 1 (segments I, II, and III). Ollgo-_
nucleotide designations refer to those given
in Tables 1 and 2 and Fig. 4 except for oligo-
nucleotides designated MPP. These were pro-
duced (30) by . partially digesting - CAL or
LAC RNA with pancreatic ribonuclease car-
boxymethylated in lysine 41. The resulting
oligonucleotides were digested with ribonucle-
ase A or T1 and analyzed by standard se-
quencing procedures (data not shown).
If known, the nearest neighbor for an oligo-
nucleotide is included in this table and in
Tables 4 and 5. To obtain the LAC sequence
shown at the bottom of this table, the com-
puter generated all sequences compatible with
the products listed under the column headed
LAC T1 oligonucleotides. Sequences not com-
patible with the LAC ribonuclease ‘A oligo-
nucleotides and the CAL ribonuclease A and
T1 oligonucleotides listed in the second and
third column were rejected by the computer.’

Only the sequence shown fits these data. -

LACTI :Qligo;nuckotides

T4B CAGU

T8 2UGA .

T18 CAAUUAAUGU

T3 AGU

T14B UUAGC

T19 CUCACUCAUUAGG

MPP GAGCGCAACGC (composed of
T3, T2, and TS)

MPP GGAAAGCGGGC (composed of

. P18 and P15)

LAC ribonuclease A oligonucleotides

P16B GAGUU
P6 AGCU
P12 'AGUG

CAL T1 éad ribonuclease A oligonucleotides

T19A CCUAAUGA
P11 GAGUG
T17 UUGC
Part of :

T25 * AAUU

T25 UGC

T25 AAC

LAC sequence '
GGAAAGOCGGGCAGUGAGCGCAACGCA
1

AUUAAUGUG?OGUUAGCUCACUCAUUAG
30

stitutive (o¢) mutations that result in
cis-dominant constitutive expression of
the operon (/). Binding studies in vitro
of repressor to DNA (3) show that
these mutations decrease the affinity of
repressor for the operator. In our se-
quence, the operator is defined by the
end points of deletions X8554 and S20
because Aptrp/lac X8554 DNA binds
repressor with a high affinity, whereas
Aptrp/lac F36a-S20 and ¢80plac S20
DNA show no binding (I5). The op-
erator is distinguished by a region of
partial twofold rotational symmetry
(Fig. 5) as has been noted (I1). Our
results (Fig. 5) support and extend this
symmetry by an additional four to six
base pairs. The function of this rota-
tional symmetry is unknown, but there
are several possibilities.

1) From the standpoint of evolu-
tionary economics, the protein partner
in a symmetrical interaction of protein
and DNA requires informational con-
tent only half that of an asymmetric
interaction with a DNA recognition
site of similar size, specificity, and bind-
ing energy.

2) The symmetrical sequences permit

_ a protein that is capable of one-dimen-
sional diffusion along the DNA mole-

cule to recognize the desired sequence
from either direction.

3) The symmetrical sequences per-
mit the generation of looped cruciform
structures, as suggested by Gierer (16),
which could be recognized by proteins.

It seems unlikely on energetic grounds
" that such a structure exists in DNA in
. "the absence of a stabilizing protein in-

teraction. Studies by Wang, Barkley,
and Bourgeois (/7) show that a cruci-
form structure does not form when
repressor binds to the operator.

The promoter. The promoter is a
region of DNA required for transcrip-
tion initiation (2). In the lac operon
the promoter is genetically defined by
mutations that alter the maximum level
of gene expression in the operon. These
mutations all map between the ends of
deletions X8630 and X8554 and pre-
sumably are located between X8630
and W225 (18). The promoter can be
divided into two functional units, the
CAP interaction site and the RNA
polymerase interaction site (19) (Figs.
5 and 6).

The CAP interaction site. The CAP
interaction site is defined by class I
promoter mutations (18, 19). These
mutations reduce expression of the lac
operon presumably by lowering the
affinity of the promoter for CAP. The
deletion L1 is a class I mutation, and
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all other class I mutations map within
this deletion. The deletions F23a, F36a,
and W227 also prevent CAP stimula-
tion of lac expression (I4). Therefore,
if the CAP interaction site does not
overlap with the i gene [as suggested by
the phenotype of deletion X8630 (20)],
it can be localized in a sequence ap-
proximately 37 base pairs long between

the i gene stop signal and the left end
of L1. Sixteen of these base pairs are
in a region of twofold rotational sym-
metry, which we tentatively conclude
is the recognition site for CAP (see
Figs. 5 and 6), a protein composed of
two identical subunits each having a
molecular weight of 22,000 (21). Con-
firmation that this symmetrical se-

quence is indeed recognized by CAP
requires sequence analyses of class I
point mutations.

The RNA polymerase interaction site.
The interaction site for RNA polym-
erase is defined by the deletion L1,
which does not affect CAP independent
lac expression, and the nucleotide that
codes for the 5’ end of the lac mRNA

PROMOTER
RNA POLYMERASE

E. COLI IGENE | CAP SITE ___INTERACTION SITE | OPERATOR | | Z GENE
CHROMOSOME ' ' ' ' '
H 53 s - e
88853 F——mRNA e
IRAAAA . . Yvy

DNA SEQUENCE

1 10

—Aplacs
X 8630
DELETIONS

GGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTC

20 30 10 50 60 70

F23a, F36a

w227,L1

80 90

¢ ACI'CATIAGGCACCCCAGGCTTTACACTIIATGC"CCGGCTCGTMGTIGI’GTGGM"GTGAGCEGM’MCAATHCACMAGGAMCAGCIATGACCATG
CCTTTCCCCCCTCACTCCCGTTGCETTAATTACACTCAATCCAGTCAGTAATCCGTGCGGTCCGARATGTGARAT ACGAAGCCCGAGCATACAACACACCTTAACACTCCCCTATTCTTARAGTGTGT CCTTTCTCGATACTGGTAC 5'

100 110 120

SEGMENTS  —' | L

{m | v

w225

S20
X8554
X8655

v v

U U

T T 1

Fig. 5. The lac p-o DNA sequence. The LAC and CAL RNA sequences have been changed into a DNA sequence with the se-
quence extended 11 base pairs to include the first three codons of the z gene [data from Maizels (10)]. Indicated above the
sequence are the proposed locations of the i gene, p (CAP and RNA polymerase sites), o, and z genes. The regions of symmetry
in the CAP site and o are shown as is the mRNA start site which has been determined by Maizels and by Majors (10, 22, 31).
Below the sequence, the approximate locations of the deletions used in the RNA hybridization procedures are shown as well as
the segments defined by some of these deletions.
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Fig. 6. The lac promoter sequence. The detailed sequence of the lac promoter shows the location of the various promoter muta-
tions and interesting structural features such as the CTTTA repeats, the CAP symmetry elements, and the high G+ C and AT
blocks. The class Il mutation L305 deletes a G+G base pair. The sequence protected by the repressor was determined by Gilbert
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as determined in vitro by Maizels (10)
and Majors (22) (Figs. 5 and 6). This
region is approximately 46 base pairs
long. Located within. this sequence are
two class II promoter mutations (L241
and L305) which decrease CAP inde-
pendent expression in the lac operon
(18). The nucleotide changes pro-
duced by these two mutations are in-
dicated in Fig. 6. This region contains
no symmetry elements involving more
than four base pairs, suggesting that
sequence symmetry is not important in
the interaction between RNA -polym-
erase and DNA. This is consistent
with the unidirectional nature of mRNA
synthesis. As is shown in Fig. 6 this se-
quence contains the following interest-
ing structural features:

1) A repetitious sequence, whlch on
the LAC strand reads CTTITA (T,
deoxyribothymidine) (23). The two
class II mutations are located in the
first repetition.

2) Sequence blocks with unusually
high G- C and AT content.

3) A similarity between part of this
sequence and that determined for one
of the phage fd RF promoters by

Table 4. Computer analysis of sequence in
block 2 (segments III, IV, and part of V).
These oligonucleotides were used to construct
the LAC sequence shown above by the pro-
cedures described in Table 3 and the text.
Two solutions are possible representing the
two possible orders of nucleotides 78 and 79.
(See discussion in text on determination of
the sequence, step 4.)

LAC TI oligonucleotides

T19 CUCACUCAUUAGG
T1 3GC
T7 ‘ CACCCCAGG
T17 CUUUACACUUUAUGC
T16 CUUCCGG
T10 CUCGU
T14A UAUGU
T13 UuGU
T8 UGU
LAC ribonuclease A oligonucleotides

P10A AGGCA

CAL T1 and ribonuclease A oligonucleotides
TI19A CCUAAUGA
T12 CCUGG
T15 UAAAGC
T16 CAUAAAGU
P11 GAGUG
P18 ‘"GGGGUG
P14 GGAAGCA
T3 CCGG
3’ end T26 UACGA

LAC sequence
CUCACUCAUUAGGCACCCCAG
30 40

GCUUUACACUUUAUGCUUCCGGCUCG
50 60 70
. UAUGUUGUG
80
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Schiller et al. (24). The end of the
piece of fd RF DNA protected from
deoxyribonuclease digestion by RNA
polymerase contains a sequence of six
base pairs in common with the lac pro-
moter (nucleotides 60 to 65 in Fig. 6)
followed by a region in which 8 of 20
base pairs are identical (nucleotides 67,
69, 70, 74, 75, 81, 83, and 85 in Fig.
6).

It should be noted that the pro-
posed promoter sequence overlaps (by
up to eight base pairs) with the region
of symmetry containing the operator.

Initiation of transcription—a model.
In vitro studies on the initiation of
RNA transcription suggest that - this
process can be divided into four or
possibly five steps (25, 26):

1) A search phase in which RNA
polymerase repeatedly associates and
disassociatés’ with DNA until a pro-
moter region is found.

2) An -initial. recogmtlon step in -

which RNA polymerase forms a spe-
cific but relatively loose complex with
the closed DNA helix at the promoter.

3) The “entry” of RNA polymerase
to form an open complex in which
four to six base pairs are opened. Bind-
ing of RNA polymerase to many pro-
moters is very tight at this stage. Pre-
sumably polymerase also selects the
appropriate DNA strand for use as a
template at this point.

4) The open complex, in the pres-
ence of the four nucleoside tnphos-y

phates, is now able to initiate tran-.

scription at the start site.

5) If the entry site is separated
from the start site,-migration or “drift”
of the RNA polymerase may be re-
quired between steps 3 and 4.

The propertles of the sequence de-
scribed in Fig. 6 suggest a.model for
how steps 3 through 5 might occur at
the lac promoter (see Fig. 7).

A priori one would assume that the
formation of the open complex would
require both a specific sequence for
unique recognition purposes and a se-
quence whose inherent transition tem-
perature would allow denaturation
stimulated by RNA polymerase (26).
There is one region in the lac promoter

_that appears to fulfill both of these

criteria. .- This is the A -T-rich region
defined by promoter point mutations
L241 and L305 and the repeating se-
quence CTTTA. We hypothesize that
this is the RNA polymerase “entry
site” which is essential for the forma-
tion of the open complex.

How does the CAP protein stimulate
lac mRNA transcription? We propose

that it does so by facilitating forma-
tion of the open complex at the entry
site.

The A - T-rich entry site is bounded
on both sides by sequences containing
a large proportion of G ‘- C base pairs
(in Fig. 6 we show that 10 of 12 and
9 of 12 base pairs are G-C). We

Table 5. Computer analysis of sequence in
block 3 (segments V, VI, and part of IV).
Solving the sequence for this block requires
the sequence for CAL T26. To solve T26 we
gave the ribonuclease A digestion products
for T26, Table 1, to the computer sequenc-
ing program along with two independently
derived sequences which are complementary
to T26 and which put constraints on its
sequence. The two sequences are GGAAUGU,
an overlap of LAC P17 and Ti1S, and a
ribonuclease A partial digestion product
UCGUAUGUUGUGU, in which the under-
lined bases are arranged arbitrarily. These
two sequences must complement T26 because
they do not complement any of the known
oligonucleotides in block 3 of the CAL strand.
The resulting sequence for T26 is shown
above. Four sequences fit the data for block

.3 Sequences 1 and 2 are not correct because

they predict that deletion S20 would always
delete T26 and only occasionally delete T20
and T9 (UG[A]) Our experiments give just
the opposite result; T20 and T9 are always
deleted by S20 whnle T26 is deleted only
occasionally. Our data are insufficient to
make a choice between sequences 3 and 4.
We think sequence 4 is correct since it agrees
with, the operator sequence of Gilbert and
Maxam (11).

CAL TI oligonucleotides

T10 CUG(U)
T23 UUUCCUGU
T9 uUGU
T9 UGA
T20 AAAUUGU
- T21 UUAUCCGC
T26 CUCACAAUUCCACACAA
. CAUACGA
CAL ribonuclease A oligonucleotides
P10B GAAAU(U)
LAC ribonuclease A and T1 oligonucleotides
T15 AAUUGU
Part of T20 AACA
P11 GAGCG
P14 AGGAAACA
Possible CAL sequences
120 1 100
1 CUGUUUCCUGUUAUCCGCUCACAAUUCC
-2 CUGUUUCCUGUGUUAUCCGCUCACAAUU
3 CUGUUUCCUGUGAAAUUGUGUUAUCCGC
4 CUGUUUCCUGUGUGAAAUUGUUAUCCGC
M h
T9 T20

90 80 70
UUCCACACAACAUACGAAAUUGUGUGA
AAUUCCACACAACAUACGAAAUUGUGA
CCGCUCACAAUUCCACACAACAUACGA
CCGCUCACAAUUCCACACAACAUACGA

[ _ )

T26
—t  deletion S20
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assume that these sequences that con-
tain many G - C pairs would tend to
raise the transition temperature of the
A - T-rich entry site, thus preventing
formation of an open complex. Support
for this assumption comes from the
recent results of Burd, Wartell, and
Wells (27), who studied the properties
of a model double-stranded polymer
d(Cy5A15) * d(T15Gy5). The G - C se-
quences in this polymer have a strong
stabilizing effect on the A - T sequences.

Binding of the CAP protein to its in-
teraction site could destabilize the
G * C-rich region next to it. This would
lower the transition temperature of the
entry site and allow formation of the
open complex. In this model the G - C-
rich region is a transducer, transmitting
the effect of CAP binding to the entry
site some 14 base pairs away. The
function of the G - C “transducer” in
the promoter is to keep the A - T-rich
entry site closed in the absence of CAP
binding, thereby allowing for catabolite
repression (27).

This model suggests that it should
be possible to activate the entry of
RNA polymerase at the lac promoter
by genetically altering the base compo-
sition of the G - C-rich blocks. A set
of promoter mutations (class III) par-
tially relieves the requirement for CAP
(18) and may act in this manner. The
only class III mutation which we have
sequenced is p'la, and it is a G- C to
A - T transversion within a G - C-rich
block (see Fig. 6).

After the open complex at the entry
site is formed, RNA polymerase ini-
tiates transcription at the start site. The
lac mRNA start site as determined in
vitro by Maizels (10) and by Majors
(22) is indicated in Figs. 5 and 6. The
start site is not coincident with the pro-
posed entry site, but rather is some 35
base pairs away.

The RNA polymerase binds tightly to
DNA at the start site and can protect
40 to 45 base pairs from deoxyribo-
nuclease digestion (24, 28, 29). In the
lac UVS promoter (28), in an fd pro-
moter (24), and in the T7 A3 pro-
moter (29) the start site is located near
the center of the protected fragment.
Thus the proposed lac entry site is
probably not included in the protected
fragment.

Since the lac entry site is not coinci-
dent with the start site and is not pro-
tected by RNA polymerase, we must
assume some movement to the start
site after entry. This movement could
be “drift” (25) or a large conforma-
tional change in the enzyme, but in
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Fig. 7. A model for the initiation of lac
transcription. The diagram is drawn to
scale with RNA polymerase [RNA(P)],
shown as a sphere 31 nucleotide pairs in
diameter and CAP shown as two spheres
each 11 nucleotide pairs in diameter. The
CAP site is located at the region of sym-
metry notated in Figs. 5 and 6. The entry
site is positioned at the high A - T block
shown in Fig. 6 and the start site is at
the 5’ end of lac mRNA (Fig. 5). (a)
CAP binds to the CAP site. (b) CAP
destabilizes the entry site thereby facilitat-
ing RNA(P) entry. (¢) RNA(P) in the
entry site ‘“drifts” to the start site. (d)
RNA(P) at the start site.

either case a translation of the opened
base pairs is postulated.

The model we have proposed as-
sumes that the recognition site and the
entry site are coincident. In this model
CAP binding affects entry of RNA
polymerase. Alternatively, the recogni-
tion site and the entry site could be
separated and CAP could affect recog-
nition alone (step 2 above). For ex-
ample, CAP binding could cause a
transition from the B to A form of
DNA allowing RNA polymerase recog-
nition at the site defined by the class II
mutations. Also CAP could affect rec-
ognition by physically interacting with
RNA polymerase. These models could
allow the entry site and the start site
to be coincident, thus avoiding the
necessity of a translation of the opened
base pairs.

Further sequence analysis of pro-
moter mutations is in progress and we
hope that this will help to define the
promoter more clearly. It would be
helpful to study the effect of the vari-
ous promoter mutants in defined in
vitro systems. For example, do class II
promoter mutants affect formation of
the closed complex (binding) or the

open complex (entry)? It will be inter-
esting to compare the nucleotide se-
quence of the lac control region with
the sequences of other CAP regulated
systems such as the arabinose operon.
The comparisons may emphasize the
important features of CAP action.
The DNA sequence defines the ge-
ometry of a control region but it gives
only clues as to the mechanism of pro-
tein recognition of these sequences. A
detailed description of control will re-
quire knowledge of the structures of
the proteins involved, and more definite
knowledge about the biochemical steps
affected by promoter mutations.

Summary

The nucleotide sequence of the lac
promoter-operator region has been de-
termined. The 122 base pairs compris-
ing this region include the recognition
sites for RNA polymerase, the positive
regulatory protein, CAP, and the nega-
tive regulatory protein, the repressor,
Identification of mutant variants of the
sequence combined with the in vitro
biochemical studies of others has al-
lowed us to tentatively identify the
recognition site for each of these pro-
teins, and to suggest how CAP might
act at a distance to affect the inter-

action of RNA polymerase with the
promoter.
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Science Advice in the White House?
Continuation of a Debate

Eugene B. Skolnikoff and Harvey Brooks

A new debate over the purpose and
structure of a science advisory appa-
ratus in the White House is now well
under way, spurred by the apparent
interest of President Ford in some kind
of structural change. An important
article by G. B. Kistiakowsky in Science
in April 1974, the report by a select
committee of the National Academy of
Sciences (NAS) chaired by James R.
Killian, the recent hearings of the
House Committee on Science and
Astronautics, S. 32 sponsored by Sen-
ator Kennedy (D-Mass.) and passed by
the Senate, and assorted items in the
pages of this and other journals have
contributed to the debate (Z). So far, the
consensus seems to favor creation of a
modified Office of Science and Tech-
nology—a three-member Council for
Science and Technology patterned after
the Council of Economic Advisers and
the Council on Environmental Quality.
The existing arrangement in which the
director of the National Science
Foundation (NSF) also serves as sci-
ence adviser to the President is given
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short shrift, as are other possibilities.

We agree with the proposal for a
three-member Council for Science and
Technology (CST); but we believe the
detailed structure is much less im-
portant than the nature of the tasks to
be performed and the arguments that

.justify such a council in the first place.

The case for the CST has not been
made adequately, in our view, by any
of the contributors to the debate, al-
though the Kistiakowsky article comes
closest. The NAS study, the most widely
quoted, fails to deal with the politics
behind the issue or to examine the real
and critically important lessons of the
rise and fall of the President’s Science
Advisory Committee (PSAC) and the
Office of Science and Technology
(OST). It is essential that we be clearer
about the possibilities and limitations
of a science office at the White House
level if a successful and stable office is
to be achieved.

For analytical purposes it is useful
to divide the functions that must be
performed into (i) the science advisory
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function for the President, and (ii) the
science policy function for the Execu-
tive branch. Although they overlap,
there is a difference between an inti-
mate advisory role for the President,
and a broader science and technology
“management” or policy role for the
government as a whole. The first in-
volves a close personal association with
the President in a White House staff
relationship, bringing to his attention
scientific and technological aspects of
policy issues under consideration, and
representing him in dealings with other
parts of the government. The second
implies all the problems of allocation
of resources for science and technology,
reconciliation and integration of multi-
agency programs, evaluation of the
quality of agency R &D programs,
early warning of technology-related
problems, and concern for the health
of the R&D community, for science
education, and for other policy issues
directly related to or bearing on sci-
ence and technology.

In practice a sharp demarcation be-
tween these two functions is not possi-
ble; there is a difference of emphasis
only. The PSAC and later the OST
clearly felt responsible for both. Yet
one of the two could be represented
at the White House level without the
other, depending on a given President’s
preferences. In fact, we would argue
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