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Comparison of the amino acid sequences of 13 procaryotic
regulatory proteins, including the products of genes crp (cata-
bolite activator protein; CAP), lacl, galR, lexA, lysR, araC,
trpR, and tnpR of Escherichia coli, of genes cl, cII and cro
of phage \, cro of phage 434, and c2 of phage P22, has
revealed two regions of homology. The sites of action of these
proteins also share common features in their DNA sequence.
Taking into account the models proposed for the A
repressors, cro and cl, and for CAP, a general type of DNA-
protein interaction is suggested.
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Introduction

In bacteria, the regulation of transcription initiation in-
volves the interaction of repressor or activator proteins with
specific sites on the DNA. Several of these sites have been se-
quenced, including the regulatory regions of the /lac operon
(Dickson et al., 1975), the gal operon (Musso et al., 1974,
1977b; Sklar, 1977), the ara operon (Greenfield ef al., 1978;
Smith and Schleif, 1978), lexA (Miki et al., 1982; Horii et al.,
1981, Markham ef al., 1981), recA (Horii et al., 1980), and
uvrB (Van den Berg et al., 1981; Sancar ef al., 1982). The se-
quences of the bacteriocin promoters of CloDF13 and ColEl
(Van den Elzen, 1982), the regulatory region of the
transposon tn3 (Chou et al., 1979; Heffron et al., 1979), that
of the trp operon (Bennett et al., 1978), aroH (Zurawski,
1981), trpR (Gunsalus and Yanofsky, 1980; Singleton et al.,
1980), and /ysR (P. Stragier, personal communication) are
also known. In phage \, some regulatory regions have also
been sequenced such as the left and right operators (Maniatis
et al., 1975a; 1975b) and promoters P; (Abraham et al., 1980)
and Pg (Schwarz et al., 1978). Nucleotides presumed to make
contacts with the regulatory proteins have been identified in a
few instances: the /lac operator (Goeddel ef al., 1978; Schmitz
and Galas, 1979), the /lac promoter (Majors, 1975; Simpson,
1980), the ara regulatory region (Ogden et al., 1980 Lee et al.,
1981), the lexA and recA regulatory regions (Brent and
Ptashne, 1981; Little ef al., 1981), the gal regulatory regions
(Taniguchi et al., 1979), the trp, aroH, and trpR regulatory
regions (Oppenheim ef al., 1980; Gunsalus and Yanofsky,
1980), the pBR-P4 promoter of pBR322 (Queen and
Rosenberg, 1981), and the /ysR regulatory region (P. Stragier,
personal communication), in the left and right operators
(Ptashne et al., 1976; Humayun et al., 1977), and the two
promoters P; and Pg (Ho and Rosenberg, 1982) of phage \.
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However, much less is known about the DNA binding sites
on the regulatory proteins. The only relevant data have been
the identification of large domains responsible for DNA bin-
ding, in one of the \ repressors, the product of gene cI (Pabo
et al., 1979), the lac repressor (reviewed by Beyreuther, 1978;
Miller, 1978) and in the catabolite activator protein (CAP)
(Krakow and Pastan, 1973; Aiba and Krakow, 1981) of
Escherichia coli. To study the DNA-CAP interaction, we
(Cossart and Gicquel-Sanzey, 1982) and others (Aiba et al.,
1982) have recently sequenced the crp gene of E. coli. Here we
compare: (i) the primary structure of CAP with that of other
DNA-binding regulatory proteins; and (ii) the sites recognized
by CAP and the other regulatory proteins. The existence of
homologies at these two levels suggests a common mechanism
for DNA-protein interaction.

Results

Comparison of the primary structures of several DNA-
binding regulatory proteins

Figure 1 shows the homologies in the amino acid sequences
of 13 procaryotic DNA binding regulatory proteins:
repressors such as frpR, lacl, galR, araC, lexA, tnpR, and
IysR of E. coli, and cro of phage \, cro of phage 434, and c2
of phage P22, or activators such as CAP of E. coli, cI and cII
of \ (for references, see Figure 1). (The proteins encoded by
genes trpR, lacl, galR, araC, lexA, tnpR, lysR of E. coli, cl,
cIl, and cro and \, cro of 434, c2 of P22 are designated by the
name of their structural gene. The c¢rp gene product is called
CAP.)

A first set of homologies, that we have already pointed out
(Cossart and Gicquel-Sanzey, 1982) and designate here
Region 1, reveals in the 13 proteins, the presence of a rather
conserved sequence V/L/A.2G.3V.4S.5Q.°S.’T.8V/L.%S/G.
WR. — .12V BN, The number of proteins containing these con-
served residues in the exact position is nine for 'V/L/A, nine
for %G, six for 3V, five for 4S, four for 3Q, three for ¢S, eight
for 7T, 13 for 8V/I, eight for 9S/G, nine for 1R, three for 2V,
four for ¥N. The most homologous segment is the
"T.8V/1.9S/G.1°R tetrapeptide totally conserved in CAP, lacl,
galR, araC, lysR and, to a lesser extent, in #pR, lexA, and
tnpR, as already mentioned (Cossart and Gicquel-Sanzey,
1982). The homologies between the amino-terminal sequence
of lacl and those of cro of \ and cro of 434, cI and cII of \
and c2 of P22 have also been recently reported (Matthews et
al., 1982).

We have identified a second region of homology that we
call Region 2 (Figure 1b). This region appears in CAP, #rpR,
lacl, galR, lexA of E. coli, cI of N\ and 2 of P22.
Homologies between lacl, galR of E. coli, cI of X and c2 of
P22 in this region have already been reported (Wilcken-
Bergman and Miiller-Hill, 1982). To maximize the homology
between these and the other DNA-binding proteins in this
region, we have not aligned the sequences in exactly the same
way as these authors (they align 5N of ¢2 with 6N of \cI, ¥N
of galR, %N of lacl). In this Region 2, the peptide of /acl
(residues 44 — 64) which corresponds to peptide 53 —73 of cI
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Fig. 1. Homology between the amino acid sequences of 13 DNA-binding regulatory proteins. CAP (Cossart and Gicquel-Sanzey, 1982; Aiba et al., 1982),
trpR (Gunsalus and Yanofsky, 1980), lacl (Farabaugh, 1978), ga/R (Wilcken-Bergman and Miiller-Hill, 1982), araC (Miyada et al., 1980; Wallace et al., 1980;
Stoner and Schleif, 1982), lexA (Horii ef al., 1981; Markham et al., 1981), tnpR (Chou et al., 1979; Heffron et al., 1979), lysR (P. Stragier, personal com-
munication) of E. coli, cI (Sauer and Anderegg, 1978), cll (Schwarz et al., 1978), cro (Schwarz et al., 1978) of \, cro (Grosscheld and Schwarz, 1979) of 434
and ¢2 of P22 (Sauer ef al., 1981) (a) Region 1, (b) Region 2. The number indicated at the right of the sequences is the total number of codons in the gene
coding for the regulatory protein. For each protein, only part of the sequence is shown. The number above the first amino acid indicates the position of this
residue in the sequence. The sequences are aligned in such a way that the conserved (present at least three times) residues (shaded), fall on the same vertical
line. Residues known to belong to o helices in the tertiary structure are boxed. ‘ : corresponds to i ~D mutations (see text). The one letter amino acid ab-
breviations are given in Dayhoff (1978)

and peptide 41 — 64 of c2 is not the peptide starting at position Both regions of homology are located in the known DNA-
26, reported by Matthews ef al. (1982). Our alignment allows binding domains of /lacl (reviewed by Beyreuther, 1978;
a better correspondence between the seven proteins listed in Miller, 1978), cI (Pabo et al., 1979) and CAP (Krakow and
Figure 2b. Pastan, 1973; Aiba and Krakow, 1981). Moreover, i—D
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Homology between procaryotic DNA-binding regulatory proteins

Protein Site Sequence
A
lac operon CAATTAATGTGAGTTAGCTCACTCATTA
~70 —- -60 —_ =0
ara operon ArAGT[eT TGACGC/CETGCARATARTCAATETG
CAP - - T3S0 __, Ciie
gal operon TTCCATGTCACACTT'[TCGCATC
-uo _____ . -30 e
PBR-P4 GCATCTGTGCGGTA'I.’TTCACACCGC_A
-40 -30
lact lac operon TGTGTGGAATTGTGAGCI.GA"FAACAATI?TCACACA
+10 +20
ara operon (B site) AGGATCCGCTAATCTT[ATG]GATAA
araC { -50 ___:éo
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1 -13%0 10
s 3E B af 3 —tar ==  —————— -
galr gal operon CTTGTGTRAAC[GATTCCACT
-70 t60
lexa 508 Box TACTGTATATIATATACAGTA
tnpr tn3 (regulatory region TGAGTETCCATTARATCGTCA
close to tnpR) IR T S -4 -
1ysk Regulatory region ATTTTTG6CATAGACTCGACATAAAT
close to lysR — i —
{ ™ TTCTTGCGTGTA-;\'FTGCGGAGACTTTGCG
CII ... -20
- A, TCGTMTTGTTTGC CGAACCATATG
-4 —20
Conserved sequence T6T6T NG 1 ACACA
B
( arom GCCGAATGTACTAGAGAACTAGTGCATTA
-50 -0 -30__’
trpr {  trp operon AATCATCGAACTAGTTAACTAGTACGCAA
-20 _________ -10
(| R TGCTATCGTACTCTTTAGCGAGTACAACC
-10 +10
( 0,1 TACTACTGGCGET6ATA
— 'ﬂ | - - 30
0,2 TATCTCTGGC66T6TTG
-0
0,3 AACCATCTGCGGETGATA
c_ro_and SI — -it . - - -:0 —
0g1 TACCTCTGGCGETGATA
20 10
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— e
0g3 TATCACCGCAAGGGATA
\ e— -
Conserved sequence CACNS 10 676

Fig. 2. Comparison of the sites recognized by the 13 regulatory proteins. The different regulatory proteins are indicated in the first column and their sites of
action in the second column. The sequences of these sites are shown in the last column. They are aligned in such a way that all the centers of symmetry are
on the same vertical line. Symmetrical regions are indicated by a dashed line above the sequence. Nucleotides corresponding to the conserved sequences are
underlined. Asterisks and sequences between brackets indicate that the corresponding position was shown to be the site of mutations preventing the binding
(or the action) of the regulatory protein: asterisks correspond to ponctual mutations in /ac (Gilbert ef al.,
1979; Busby et al., 1982), tn3 (Chou et al., 1979), A\Pg (Ho and Rosenberg, 1982), trp (Bennett and Yanofsky, 1978), or \ operators (reviewed in Ptashne,
1978) and brackets correspond to deletions in ara (Miyada ef al., 1982). The numbers below the nucleotide sequence indicate the coordinates with respect to
the in vitro transcription initiation site except for /ysR and tnpR binding sites and \ operators; in these cases the coordinates are indicated with respect to the
translational start codon. (A) corresponds to the sites containing the conserved sequence TGTGT Ng_, ACACA (N, being any nucleotide); (B) corresponds
to the sites containing the conserved sequences CAC N;_ ;o GTG.

1975; Dickson et al., 1977), in gal/ (Di Lauro et al.,
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mutations which impair the binding of the /ac repressor to the
operator are clustered in these two regions (reviewed by
Miiller-Hill, 1975). Some of these mutations have been se-
quenced and correspond to a change of 6Serine (S) to Pro-
line, of *Threonine (T) to Alanine, ?*Histidine (H) to
Tyrosine (Region 1) and of 53Alanine (A) to Valine or
Threonine, of 3Glutamine (Q) to Tyrosine or Lysine, of
55Glutamine (Q) to Tyrosine or Lysine, and of 3¥Glycine (G)
to Aspartic acid or Serine (Region 2). In addition, the tertiary
structure of cro (Anderson et al., 1981), CAP (McKay et al.,
1981), and the head piece of cI (Pabo and Lewis, 1982) have
been determined recently and models for DNA-protein in-
teraction have been proposed. In each case, a pair of 2-fold
related o-helices of the protein comes in contact with two suc-
cessive major grooves of the DNA: these are helix o3 of cro
(residues 27—36), helix F of CAP (residues 181—194, T.
Steitz, personal communication), and helix 3 of cI (residues
44— 53), these three helices (boxed in Figure 1a) correspond
to the strongest zone of homology in Region 1.

These findings suggest that for all proteins listed in Figure
1, the homologous sequences of Region 1 (and to some extent
those of Region 2) could play an important role in the inter-
action with DNA. It is interesting to note that Region 2 cor-
responds to helix D of CAP and helix 4 of cI, both of which
belong to the DNA binding domain of the corresponding
protein.

Since we find homologies between the DNA-binding do-
mains of the different regulatory proteins, we expect to find
also some analogies between their sites of action. This ap-
pears to be the case.

Comparison of the specific DNA-binding sites of several
regulatory proteins

Since all the regulatory proteins so far studied have been
reported to be dimers such as CAP (Eilen and Krakow, 1977),
araC (Steffen and Schleif, 1977), cl (Pirotta et al., 1970), cro
of \ (Takeda et al.. 1977), or tetramers such as /acl (Riggs and
Bourgeois, 1968), trpR (Gunsalus and Yanofsky, 1980), and
cII (Ho and Rosenberg, 1982), one could expect to find sym-
metries in their sites of action. The binding sites of /acl, araC,
lexA, CAP, trpR, galR, tnpR, cl, and cII and cro of \, have
been localized by DNA binding experiments, in vitro pro-
tection against DNase I, restriction enzymes, or alkylating
agents (for references, see first paragraph) and/or location of
mutations which impair the binding of these regions with the
corresponding proteins (for references, see Figure 2). All
these sites are presented in Figure 2. As reported for all of
them (except P;, Pg, and the lysR site of action), these sites
(~25 bp long) have a 2-fold rotational symmetry. From the
comparison of these sites, two consensus sequences can be
drawn which are:
TGTGT Ng_ ¢ ACACA (Figure 2a) or

ACACA TGTGT
CAC N;_,, TGT (Figure 2b)
GTG ACA

with an axis of symmetry in the center of the region. Most of
the mutations preventing the binding of the corresponding
regulatory proteins are located in the conserved sequences.
Some of the regulatory proteins are known to act on several
sites which have been reported to share homologies. It is the
case for CAP (‘““CAP sites’’) (Queen and Rosenberg, 1981;
O’Neill et al., 1981), lexA (‘SOS boxes”’) (Little et al., 1981),
trpR (Gunsalus and Yanofsky, 1982) and cII (Ho and
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Rosenberg, 1982). However, homologies between all the sites
had not been pointed out.

From these findings, one could predict that a given regula-
tory protein could also interact with the binding site of
another regulatory protein. In fact, it has been reported that,
in the /ac and ara operons which have a CAP-binding site,
CAP is able to bind, albeit with a lower affinity, to the
operator site (Schmitz, 1981; Ogden et al., 1980).

Discussion

We have shown two regions of homology (Regions 1 and 2,
Figure 1) in the amino acid sequence of 13 DNA-binding pro-
teins: CAP, trpR, tnpR, lexA, araC, lysR, lacl, galR of E.
coli, cl, cll, cro of \1, c2 of P22, and cro of 434. Region 1 has
a conserved sequence V/L/A.G.V.S.Q.S.T.V/L.S/G.R.—.
V.N. Region 2 contains the conserved sequence L/A.L.A.L.
A K.

From the three dimensional structure of cro, CAP, and the
head piece of cl, different models for DNA-protein inter-
action have been proposed, all of them involving «-helices:
helix F of CAP, helix a3 of cro, and helix 3 of cI. These
helices correspond to the homologous sequences of Region 1.

Comparison of the different sites of action of the regula-
tory proteins have shown that they all present a 2-fold rota-
tional symmetry and that most of them contain a consensus
sequence TGTGT Ng_ ;o ACACA or CAC Ns_, TGT. It is

ACACA TGTGT GTG ACA
interesting to note that the distance between the conserved
nucleotides is ~ 10 bp which corresponds to one turn of a
helix.

These findings, and the observation that the regulatory
proteins are multimeric, suggest a general type of DNA-
regulatory protein interaction, whether the protein be an ac-
tivator or a repressor: two a-helices of two monomers would
make contacts with a symmetrical sequence, by interacting
with DNA in two sucessive major grooves of a right-handed
B DNA.

The mode of action of CAP, which in most cases is an ac-
tivator, could be similar to that of repressors: it has, in fact,
been reported that CAP inhibits the transcription initiated at
P,, one of the two promoters of the gal operon by binding in
the ‘“ — 35"’ region of this promoter (Musso ef al., 1977a). In
lac, it has also been recently shown (Malan, 1981), that tran-
scription can be initiated in vitro not only at the previously
determined promoter (P,) but also at a second promoter (P,)
located 22 bp upstream from P,. These two promoters would
compete for the binding of the RNA polymerase, transcrip-
tion initiation being more efficient from P, than from P,. Ac-
cording to this model, CAP would repress RNA polymerase
binding on P, by interacting with its ‘‘—35"’ region, and
would be properly positioned to activate promoter P,.
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