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Mechanism of Lac repressor switch-off: orientation of the Lac repressor
DNA-binding domain is reversed upon inducer binding
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Abstract Lac repressor’s DNA-binding domains contain helix-
turn-helix motif which, though similar to those of phage A Cro
protein, are oriented differently with respect to DNA: in the
specific complexes with Lac operator, N termini of the re-
pressor’s subunits are facing inwards. We demonstrate that, in the
presence of an inducer, the repressor’s N termini cross-link to the
operator’s outermost nucleotides. We suggest that the inducer
fixes the repressor’s DNA-binding domains in the Cro-type con-
figuration and thus garbles its recognition surface. Since the
Cro-type configuration is perfectly suitable for binding the DNA,
this also explains how the switched-off repressor retains its non-
specific DNA-binding.
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1. Introduction

E. coli’s lac repressor regulates lac operon by recognizing and
tightly binding the lac operator [1]. The affinity of the /ac
repressor for the Jac operator is modulated by binding of in-
ducer molecules, such as isopropyl-f-p-thiogalactopyranoside
(IPTG). Binding of IPTG to the repressor decreases the re-
pressor-operator binding constant from 10" M™! to 10" M™!
without alteration of binding to non-specific DNA sequences
(binding constant 10’ M) [1,2]. So inducers can switch the
repressor off by abolishing the recognition without influencing
its non-specific interactions with DNA.

The N-terminal segment of the Jac repressor (residues 1-51
or 1-59) forms a folded domain, ‘headpiece’, which can bind
to DNA [3]. The three-dimensional structure of the lac re-
pressor headpiece has been solved by NMR [4,5]. This structure
contains the specific DNA-binding ‘helix-turn-helix’ motif,
found in other DNA-binding proteins by X-ray studies [6] and
predicted for the Jac repressor [7]. The orientation of the lac
repressor recognition helix relative to the operator was shown
to be opposite [5,8] to that established for all other helix-turn-
helix proteins for which the structure was determined by X-ray
analysis, such as phage A cro protein [9].

To study this peculiarity of lac repressor we have determined
the residues close in lac repressor and DNA to each other in
their complexes using DNA-protein zero-length cross-linking
[10,11].
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2. Materials and methods

2.1. Reagents

The Jac repressor was isolated from overproducing cells, kindly sup-
plied by Prof. B. Mueller-Hill. Lac repressor headpiece (amino acids
1-51/59) was generated by limited tryptic digestion of the repressor [12]
and purified by HPLC. Synthetic ‘ideal’ lac operator [13,14] (DNA
International, USA), and poly[d(AT)] about 3000 bp long (Pharmacia,
Sweden) were used.

2.2. DNA-protein cross-linking

Experimental procedures for covalent DNA-protein cross-linking
were described in detail [10,11]. Depurination of DNA is a two-step
reaction: (1) methylation with dimethyl sulfate in 0.3 M HEPES,
pH 7.4, at 25°C for 30 min followed by removing dimethyl sulfate by
DNA precipitation; (2) spontaneous elimination of methylated purines
in 30 mM HEPES, pH 7.4, 100 mM NaCl, and 0.1 mM EDTA at 45°C
for 16 h. Dimethyl sulfate concentration was 35 mM for 20-bp ideal lac
operator, and 18 mM for poly[d(AT)].

2.3. Cross-linked amino acids identification

Synthetic trinucleotide pTpGpTp was fully depurinated by heating
in 70% formic acid for 30 min at 70°C and freeze-dried twice. The lac
repressor headpiece (8 mg) was incubated with 4 mg of completely
depurinated trinucleotide in 50% acetonitrile, 10 mM pyridine-borane
complex at 40°C for 2 h. The cross-links were additionally reduced with
10 mM sodium borohydride for 30 min at 25°C. The protein was
precipitated with 20% trichloroacetic acid. The pellet was washed twice
by ether, dried, redissolved in 100 mM NH,CO,, pH 8.0, 0.2% Triton
X-100, 5 mM dithiothreitol and then digested with trypsin (1:25 w/w)
at 37°C for 6 h and freeze-dried. The trypsin digest was redissolved and
fractionated by reversed-phase HPLC (column Partisil ODS3) using the
0-80% acetonitrile gradient in Tris-trifluoroacetic acid, pH 7.0, with
dual-wave length monitoring (210 and 260 nm) to discern peptides from
nucleotide-peptides. The fractions were freeze-dried, dephosphorylated
with bacterial alkaline phosphatase and rechromatographed under the
same conditions. Fractions corresponding to the peaks that were eluted
at higher acetonitrile concentrations were collected, the solvent was
changed to 0.1% trifluoroacetic acid by HPLC, and nucleotide-peptides
were sequenced by Edman degradation.

3. Results

DNA-protein cross-linking chemistry employed is mild ran-
dom methylation-partial depurination of DNA, with ensuing
covalent linking of either N-terminal a-amino, lysine g-amino,
or histidine imidazole groups in the vicinity of the aldehyde
group of apurinic residues [10,11,15]. Micrococcal nuclease di-
gestion of the covalent adducts leaves a short nucleotide tail
which is tagged by *P. Trypsin digestion, gel-electrophoresis
and autoradiography produce a nucleotide-peptide map of pep-
tides labeled at the site of cross-linking.

Lac repressor with or without an inducer, isopropyl-f-p-
thiogalactopyranoside (IPTG), was cross-linked to either poly-
[d(AT)] or perfectly symmetric 20-base pair (bp) lac operator
[13,14] as models of non-specific and specific DNA, respec-
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Fig. 1. Nucleotide-peptides separation. Lanes 1-4, lac repressor labeled
at the site of cross-linking was digested with trypsin. Lanes 5 and 6,
2p_labeled sequenced nucleotide-peptides 23-35 and 1-22, respec-
tively.

tively. IPTG has no effect on non-specific repressor binding
(lanes 1 and 2, Fig. 1), whereas the specific complex and oper-
ator-repressor-inducer complex differ from the above and from
each other (lanes 3 and 4, Fig. 1).

Two major cross-links were identified directly by peptide
sequencing. Bands A and E correspond to sequences
XKPVTLYDVAEYAGVSYQTVSR (peptide 1-22 [16]) and
VVNQASHVSAXTR (peptide 23-35), respectively. The actual
sites of cross-linking (Xs) Met! of band A and Lys*® of band
E were characteristically not detected because of a covalent
modification by nucleotide residues(s).
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Nucleotide-peptides B, C, and D, not obtainable in quantities
sufficient for Edman degradation, were identified indirectly.
Firstly, trypsin digestion of the shortest labeled cyanogen bro-
mide-produced fragment of the cross-linked repressor gener-
ates nucleotide-peptides A, B, C, D, and E. This un-
ambiguously assign this CNBr fragment to residues 1/2-42.
Secondly, nucleotide-peptides A, B, C, and D, but not E, could
be cleaved by Staphylococcus aureus endoprotease Glu-C (not
shown). Now, the protein fragment 1/2-42 can only yield two
triptic nucleotide-peptides, 1/2-22 and 23-35 (the cross-linked
lysins are resistant to tryptic digestion). Only nucleotide-pep-
tide 1/2-42 contains Glu and Asp residues [16]. Hence, nucleo-
tide-peptides B, C, and D represent the cross-links via N-termi-
nal a-amino group or Lys? g-amino group.

Thus, the cross-links occur within the N-terminal domain of
repressor, as expected from the known fact that the domain
(‘headpiece’) is necessary and sufficient for the Jac repressor
DNA binding and recognition. In inducer-repressor-operator
complex the /ac repressor is linked to DNA almost exclusively
through N-terminal amino acids (more than 90% of cases as
judged by measurement of the relative radioactivity).

To identify the DNA site(s) in contact with the N termini,
the repressor was cross-linked to a 5’-*2P-labeled perfectly sym-
metric 20-bp lac operator [13,14] in the presence of IPTG. After
gel-electrophoresis (Fig. 2A) radioactive bands were cut out
and digested with trypsin. The resultant DNA-linked peptides
were separated by gel-electrophoresis (Fig. 2B) and eluted from
the gel. DNA fragments labeled at 5’-terminus and bound to
peptides (D1-D35) were subjected to A + G reaction of sequenc-
ing protocol [17]. The idea is that the sequencing ladder must

A B

Fig. 2. Purification of the DNA-linked peptides. Panel A. Discontinu-
ous gel-electrophoresis in the presence of urea. Lane 1, Jac repressor
cross-linked to 5’-labeled ideal lac operator. Lane 2, lac repressor cross-
linked to the lac operator, digested with micrococcal nuclease, and
32p_labeled at the site of cross-linking. Panel B. Bands P1-P3 indicated
on the panel A were digested with trypsin, loaded onto lanes 1-3,
respectively, and gel-electrophoresed at the presence of urea. The arrow
indicates the position of the lac operator.
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Fig. 3. Panel A. Ideal 20-bp lac operator cross-linked to lac repressor
through A5, vertical lines indicate the DNA fragments revealed after
the ‘A + G’ reaction. Panel B. Purified DNA-linked peptides (D1-D5
on the Fig. 2) were fragmentated with 2% diphenylamine and 70%
formic acid (‘A + G’ reaction [17]) and gel-clectrophoresed. Fragmen-
tated DNA-linked peptides D1-DS, were loaded onto lanes 1-5, respec-
tively.

be interrupted at and above the position of cross-linked purine
because of the retardation by a covalently attached peptide
moiety. The ladder is interrupted (Fig. 3B) at A1S5 (lanes 1, 2
and 3), and at Al8 (lane 4). Thus, within the inducer-lac re-
pressor-lac operator complex, the respressor’s N-termini cross-
link to purines A15 and A18.

4. Discussion

Within the specific repressor-operator complex only Lys* is
cross-linkable to DNA, while the lac repressor N-terminus is
not. This is in agreement with NMR data [5,18,19].

In all non-specific complexes studied (with poly[d(AT)] and
with 49-bp DNA without operator sequence (not shown) either
in the presence and in the absence of an inducer) the lac re-
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pressor N-terminus is the major product of cross-linking. Sim-
ilarly, mainly N-termini were cross-linked at the presence of
inducer to the lac operator and the attachement was located at
the operator boundaries. NMR studies showed that the lac
repressor N-terminus resides close to the /ac operator axis of
symmetry, but does not make the direct contact with the opera-
tor [5,18-20] (Fig. 4A). Three a-helixes of the lac repressor
headpiece are rigidly oriented relative to each other owing the
contacts between nonpolar residues [4,21]. Therefore the draw-
ing of the repressor N-terminus close to the operator bounda-
ries can be explained by the following way: when inducer is
bound to repressor, its DNA-binding domains have orientation
relatively to operator (and relatively to each other) like 4 cro
protein [9] (Fig. 4B). Repressor’s headpieces have the same
orientation when interact with non-specific DNA. This reorien-
tation can take place through the mutual arrangement of re-
pressor’s subunits or rotation of the DNA-binding domains
relatively the protein core.

Thus, lac repressor realizes both orientations of the recogni-
tion helices relatively to the operator, pointed out in [20] as
orientations of lac and cro types. Within the specific repressor—
operator complex this helix has the ‘specific’ lac orientation
[5,8,19,20,22,23]. This orientation arises upon the operator’s
influence. Binding of the inducer to the repressor fixes the
reversed, cro-type, orientation. Now operator can not change
this reversed orientation to ‘specific’, lac-type, orientation.

It has been anticipated that the solution of the puzzle of the

A
AATTGTGAGCGCTCACAATT
1 23 45 6 7 8 910111213 14151617 18 1920

T 1
s »
=NEE
- lad
= > = =
: = | 7] | |<& s
2019181716 1514 13 12 1110 9 8 7 6 5 4 3 2 1
TTAACACTCGCGAGTGTTAA
B
+IPTG
AATTGTGAGCGCTC[AlCcA[A]T T
1 23 45 6 7 8 9 10111213141516 17181920
s |«*‘ ;‘M 3
U = . an] g
*F e '
= B = X
Fr= =5
3 : . | ’E} s

201918 1716 1514 13 121110 9 8 7 5§ 43 21
TT[AlAC[AlcTCGCGAGTGTTAA

a*

Fig. 4. Model illustrating how Jac repressor determines the orientation
of the two helix-turn-helix motifs relative to each other and an ideal lac
operator. The recognition helix (residues 17-25) is depicted as REC.
HELIX, the first helix (residues 6-13) as HELIX 1. Panel A. Specific
complex established by NMR and genetic studies (based on the figures
from [24,25]). Panel B. Inducer-repressor-operator complex. The orien-
tation of the motifs is reversed as compared with the specific complex.
Lac repressor’s N-termini contact operator DNA in the regions shown
by hatching. Adenines A15 and A18 cross-linked to N-terminus are
boxed.
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repressor switch-off should be sought in the accuracy of the
register of the two headpieces along DNA. Now, this prediction
could be stated in simple molecular terms: the cro-type orienta-
tion freezes the headpieces in the configuration that is warped
with respect to DNA recognition while still allowing the non-
specific DNA-binding.
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