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The Xanthomonas campestris catabolite gene activator protein-like protein (CLP) can substitute for the
Escherichia coli catabolite gene activator protein (CAP) in transcription activation at the lac promoter (V. de
Crecy-Lagard, P. Glaser, P. Lejeune, 0. Sismeiro, C. Barber, M. Daniels, and A. Danchin, J. Bacteriol.
172:5877-5883, 1990). We show that CLP has the same DNA binding specificity as CAP at positions 5, 6, and
7 of the DNA half site. In addition, we show that the amino acids at positions 1 and 2 of the recognition helix
of CLP are identical to the amino acids at positions 1 and 2 of the recognition helix of CAP: i.e., Arg at position
1 and Glu at position 2.

The Escherichia coli catabolite gene activator protein
(CAP; also referred to as cyclic AMP receptor protein) is a
global regulator of gene expression (for reviews, see refer-
ences 7 and 20). CAP mediates the response to glucose
starvation in E. coli. CAP functions by binding, in the
presence of the allosteric effector cyclic AMP, to specific
DNA sites located in or near promoters. The consensus
DNA site for CAP is 5'-AAATGTGATCTAGATCA
CATITT-3' (3, 11, 15, 23); the site is 22 bp in length and
exhibits perfect twofold sequence symmetry. The crystallo-
graphic structure of CAP has been determined to 0.25-nm
resolution (26), and the crystallographic structure of the
CAP-DNA complex has been determined to 0.30-nm resolu-
tion (22). CAP is a dimer of two identical subunits, each of
which is 209 amino acids in length and contains a helix-turn-
helix DNA binding motif (for reviews on the helix-turn-helix
motif, see references 19 and 24). The CAP-DNA complex
has twofold symmetry: one subunit of CAP interacts with
one half of the DNA site, and the other subunit of CAP
interacts in a twofold-symmetry-related fashion with the
other half of the DNA site. Amino acids of the second
a-helix of the helix-turn-helix motif of CAP (the recognition
helix of CAP) contact DNA base pairs of the DNA half site.
Amino acid 1 of the recognition helix of CAP (i.e., Arg-180)
forms H bonds with the guanine N7 and guanine 06 atoms of
G. C at position 5 of the DNA half site (22, 29) and
determines specificity for G. C at position 5 of the DNA half
site (29). Amino acid 2 of the recognition helix of CAP (i.e.,
Glu-181) forms an H bond with the cytosine N4 atom of
G. C at position 7 of the DNA half site (10, 12, 14, 22) and
determines specificity for T. A at position 6 of the DNA half
site and specificity for G. C at position 7 of the DNA half
site (9, 10, 12, 14).
The Xanthomonas campestris CAP-like protein (CLP) is a

global regulator of gene expression (6). CLP regulates,
directly or indirectly, a set of genes implicated in phyto-
pathogenicity in X. campestris (6). The primary structure of
amino acids 26 to 230 of CLP is homologous to the primary
structure of CAP: 45% identical amino acids and 73%
identical or conservatively substituted amino acids (6). It is
likely that the overall three-dimensional structure of CLP is
extremely similar to the overall three-dimensional structure
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of CAP. It is also likely that the overall three-dimensional
structure of the specific CLP-DNA complex is extremely
similar to the overall three-dimensional structure of the
specific CAP-DNA complex.
Danchin and coworkers (6) have reported that CLP can

substitute for CAP in transcription activation at the E. coli
lac promoter in vivo. This result suggests that CLP may
have a DNA binding specificity similar to, or the same as,
that of CAP. It is difficult to reconcile this result with the
published sequence of CLP, which indicates that the amino
acids at positions 1 and 2 of the recognition helix of CLP
(i.e., Ala and Gln) differ from the amino acids at positions 1
and 2 of the recognition helix of CAP (i.e., Arg and Glu). In
the context of CAP, Ala is not a specificity-neutral substitu-
tion at position 1 of the recognition helix (29) and Gln is not
a specificity-neutral substitution at position 2 of the recog-
nition helix (14).
We have analyzed the DNA binding specificity of CLP at

positions 5, 6, and 7 of the DNA half site, and we have
redetermined the sequence of CLP. We have found that CLP
has the same DNA binding specificity as CAP at positions 5,
6, and 7 of the DNA half site. In addition, we have found
(consistent with the DNA binding specificity of CLP, but
contrary to the published sequence of CLP [6]) that the
amino acids at positions 1 and 2 of the recognition helix of
CLP are identical to the amino acids at positions 1 and 2 of
the recognition helix of CAP: i.e., Arg at position 1 and Glu
at position 2.
DNA binding specificity of CLP. In vivo DNA binding

experiments (28-31) were performed to analyze the DNA
binding specificity of CLP with respect to positions 5, 6, and
7 of the DNA half site. Ten E. coli K-12 tester strains were
utilized: XAE400, XAE451, XAE452, XAE453, XAE461,
XAE462, XAE463, XAE471, XAE472, and XAE473 (Table
1). Each tester strain has two important components: (i)
Acrp45, a deletion of the gene that encodes wild-type CAP
(4, 21), and (ii) lacZ, the gene that encodes ,B-galactosidase.
In tester strain XAE400, lacZ is placed under the control of
the wild-type lac promoter DNA site for CAP. In the
remaining nine tester strains, lacZ is placed under the
control of derivatives of the lac promoter DNA site for CAP
that have G. C--A. T, G. C--C- G, and G C--+T A
substitutions at bp 5 of each DNA half site, T A--A T,
T. A--C. G, and T- A-*G. C substitutions at bp 6 of each
DNA half site, or G. C-+A T, G C--C G, and

5457



5458 NOTES

TABLE 1. E. coli K-12 tester strainse

Strain Genotype Reference

XAE400 XA102 Acrp45 strA firl zci::TnlO [Ai434placS] 30
XAE451 XA102 Acrp45 strA fnrl zci::TnlO [Xi434placS-PI(-64A;-SST)] 30
XAE452 XA102 Acrp45 strA fnrl zci::TnlO [Xi434plac5-P1(-68C;-SSG)] 30
XAE453 XA102 Acrp45 strA fnrl zci::TnlO [Ai434placS-PI(-68T;-S5A)] 30
XAE461 XA102 Acrp45 strA fnrl zci::TnlO [Ai434placS-P1(-67A;-56T)] 31
XAE462 XA102 Acrp45 strA finl zci::TnlO [Xi434placS-PI(-67C;-56G)] 31
XAE463 XA102 Acrp45 strA finrl zci::TnlO [Xi434placS-P1(-67G;-56C)] 31
XAE471 XA102 Acrp45 strA fnrl zci::TnlO [Ai434placS-PI(-664;-57T)] 30
XAE472 XA102 Acrp45 strA fnrl zci::TnlO [Ai434placS-PI(-66C;-57G)] 30
XAE473 XA102 Acrp45 strA fnrl zci::TnlO [Ai434plac5-PI(-66T;-57A)] 30

a The E. coli K-12 tester strains are derivatives of strain XA102 [A&(lac-proAB)X111 argE(Am) metB ara rpoB nal Su2 (5)]. The cp and strA markers are from
strain CA8445 (HfrH Acrp45 Acya854 strA thi [211). Thefnrl andzci::TnlO markers are from strain ECL323 (frl zci::TnlO AlacUl69araD39 motA4 strA thi [161) .
The fiwl marker was included to prevent Fnr-dependent transcription of lacPl(-68T;-55A) (30). To analyze the DNA binding specificity of CAP, plasmid
pXZCRP (31) was introduced into each of the tester strains; the resulting strains were designated XAE400/CRP, XAE451/CRP, etc. To analyze the DNA binding
specificity of CLP, plasmid pQDCLP was introduced into each of the tester strains; the resulting strains were designated XAE400/CLP, XAE451/CLP, etc.
Plasmid pXZCRP encodes CAP under the control of the cap promoter (31). Plasmid pQDCLP encodes CLP under control of the cp promoter. Plasmid pQDCLP
was constructed in two steps. In step one, the 24-bp HindIII-XbaI polylinker DNA segment of plasmid pUC118 (25) was replaced by the 1.2-kb HindIII-XbaI clp
structural gene DNA segment from plasmid pDLA5100 (6), thereby constructing plasmid pUC118-CLP. In step two, the 1.7-kb HindIII-BamHI cp structural gene
DNA segment of plasmid pYZCRP (32) was replaced by the 1.2-kb HindIII-BamHI clp structural gene DNA segment of plasmid pUC118-CLP.

G. C- T- A substitutions at bp 7 of each DNA half site
(Fig. 1).
To analyze the DNA binding specificities of CAP and

CLP, plasmid pXZCRP (31) and plasmid pQDCLP (Table 1),
respectively, were introduced into each of the 10 tester
strains. For each resulting plasmid-bearing strain, the differ-
ential rate of 1-galactosidase synthesis was determined by
the method of Miller (18). Cultures were grown in LB
medium (18) containing 100 p,g of ampicillin per ml. The data
were corrected for background, i.e., for the differential rate
of ,B-galactosidase synthesis in the absence of CAP or CLP.
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FIG. 1. DNA sites utilized in this study: the consensus DNA site
for CAP (3, 11, 15, 23) and the wild-type lac promoter DNA site for
CAP (bp -72 to -50 with respect to the start point of the lac
promoter [8]). The symmetric A T, C G, and T * A substitutions
at bp 5 of the DNA half site, the symmetric A T, C G, and G* C
substitutions at bp 6 of the DNA half site, and the symmetric A. T,
C G, and T- A substitutions at bp 7 of the DNA half site are
indicated beneath the sequence.
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FIG. 2. Lac expression. (A) Data for CAP. (B) Data for CLP.
Data are presented for the wild-type lac promoter (hatched bar) and
for the derivatives of the lac promoter having the symmetric A T,
C G, and T * A substitutions at bp 5 of the DNA half site for CAP,
the symmetric A T, C - G, and G * C substitutions at bp 6 of the
DNA half site for CAP, and the symmetric A T, C G, and T * A
substitutions at bp 7 of the DNA half site for CAP (open bars;
sequences in Fig. 1). Data are corrected for background, i.e., for the
differential rate of ,-galactosidase synthesis in the absence of CAP
or CLP (32 1 U). Data are shown as the mean 1 standard error
of the mean.
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A 620 660 700
ATGAGCCTAGGGAACACGACGGTTGTGACTACGACGGTACGTAACGCTACCCCCTCACTGACGCTGGACGCGGGCACCATTGAGCGATTCCTGGCGCACAGCCACCGCAGGCGCTATCCG
MetSerLeuGlyAsnThrThrValValThrThrThrValArgAsnAlaThrProSerLeuThrLeuAspAlaGlyThrI leGluArgPheLeuAlaHisSerHisArgArgArgTyrPro

10 30

5459

740 780 820
ACCCGGACCGATGTGTTCCGGCCGGGAGACCCCGCTGGCACCCTCTACTACGTGATCAGCGGCTCGGTGAGCATCATTGCCGAGGAAGATGACGATCGTGAGTTGGTGCTGGGCTACTTC
-+_-------_-----------------_---_-+-_--------_-+_-----__---+-----_-----+__-+-----+--------------+-+-----_-_--__
ThrArgThrAspValPheArgProGlyAspProAlaGlyThrLeuTyrTyrVal leSerGlySerValSerI leI leAlaGluGluAspAspAspArgGluLeuValLeuGlyTyrPhe

50 70

860 900 940
GGTAGCGGCGAGTTCGTTGGTGAGATGGGGTTGTTCATCGAATCCGATACGCACGAAGTGATCCTGCGCACCCGCACGCAATGCGAGTTGGCTGAAATCAGCTACGAGCGCCTGCAGCAG
+-_----_-_-_-_-_-_+_-___-__-_+_-__-_--_-+_-_-_-_--_-+_-__----__-+_-_+-_____+____-__+____--- +__-- +_----_---_-_
GlySerGlyGluPheValGlyGluMetGlyLeuPheI leGluSerAspThrHisGluVal1 leLeuArgThrArgThrGlnCysGluLeuAlaGluI leSerTyrGluArgLeuGlnGln

90 110

980 1020 1060
CTGTTTCAGACGAGTTTGTCGCCGGATGCGCCGCGAATTCTGTACGCCATTGGCGTTCAGCTTTCAAAACGGCTGCTCGATACCACAAGGAAAGCCAGCCGCCTGGCGTTCCTGGATGTG
+-_-----_------_+----------__-+--_---+------_-_-_-_-__-+_-___-+-___-_-__-_-+-----+_-----+-____-+-_+_----_- _-__-_-
LeuPheGlnThrSerLeuSerProAspAlaProArgI leLeuTyrAlaI leGlyValGlnLeuSerLysArgLeuLeuAspThrThrArgLysAlaSerArgLeuAlaPheLeuAspVa 1

130 150

1100 1140 1180
ACTGATCGCATCGTGCGCACGCTGCACGATCTGTCGAAGGAGCCGGAGGCGATGAGCCATCCGCAGGGCACGCAATTGCGCGTCTCGCGGCAGGAACTCGCGCGCCTGGTCGGCTGCTCG
+---------------------------------------------------------------------------- +----------+--------+---------G-------GC
ThrAspArgIleValArgThrLeuHisAspLeuSerLysGluProGluAlaMetSerHisProGlnGlyThrGlnLeuArgValSerArgGlnGluLeuAlaArgLeuValGlyCysSer

170 190 Cys

1220 1260 1300
CGCGAAMTGGCCGGACGCGTCCTGAAGAAGTTGCAGGCCGATGGCCTGTTGCACGCACGCGGCAAGACCGTCGTGTTGTACGGCACGCGCTAAGCGTGGGG
ArgGluMetAlaGlyArgVa lLeuLysLysLeuGlnAlaAspGlyLeuLeuHisAlaArgGlyLysThrValValLeuTyrGlyThrArgEnd
AlaGln 210 230

B 10 20 30 40 50 60 70 80 90 100
CAP ----------------VLGKPQTDPTLEWFLSHCHIHKYPSKSTL IHQGEKAETLYY IVKGSVAVL IKDEEGKEMI LSYLNQGDFIGELGLFEEGQERSA\IVRAKTACEVAE ISYKKFRQ

1:1 11 1:1 : 11 : 1 1: I1111 : 111 1:::: 1: 1 11 111 : 1 :1 11 11111 1
CLP MSLGNTTVVTTTVRNATPSLTLDAGTIERFLAHSHRRRYPTRTDVFRPGDPAGTLYYVISGSVSI IAEEDDDRELVLGYFGSGEFVGEMGLFIESDTHEVILRTRTQCELAEISYERLQQ
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110 120 130 140 150 160 170 180 190 200
CAP LIQVN-----PDILMRLSAQMARRLQVTSEKVGNLAFLDVTGRIAQTLLNLAKQPDAMTHPDGMQIKITRQEIGQIVGCSRETVGRILKMLEDQNLISAHGKTIVVYGTR

I I 1I11 1 11 1:1: 1111111 11: .11 1 1:1:11:11:1 1:111: 111111 :11:11 1: 1 1:111:1:1111
CL P LFQTSLSPDAPR ILYAI GVQLSKRLLDTTRKASRLAFLDVTDR IVRTLHDLSKEPEAMSHPQGTQLRVSRQELARLVGCSREMAGRVLKKLQADGLLHARGKTVVLYGTR

130 140 150 160 170 180 190 200 210 220 230

FIG. 3. (A) Nucleotide sequence and inferred amino acid sequence of the gene encoding CLP. Residues that differ in the previously
reported nucleotide sequence and inferred amino acid sequence (6) are indicated beneath the sequence. Numbering of residues is as in
reference 6. (B) Comparison of the inferred amino acid sequences of CAP and CLP. Identical and conservatively substituted amino acids are
indicated by lines and colons, respectively.

The results are presented in Fig. 2. CLP, like CAP,
exhibits strong specificity for G * C at position 5 of the DNA
half site (G. C > T A> A. T> C- G), moderate to strong
specificity for T. A at position 6 of the DNA half site (T. A
> A T> C . G > G. C), and strong specificity for G C at
position 7 of the DNA half site (G . C > A. T/C- G/T A).

Sequence of CLP. The nucleotide sequence of positions

180 181 182 183 184 185 186 187 188

CAP RECOGNMON HEUX ARG GLU THR VAL GLY ARG ILE LEU LYS

CLP RECOGNMON HEUX ARG GLU MET ALA GLY ARG VAL LEU LYS

201 202 203 204 205 206 207 208 209

FIG. 4. Recognition helixes of CAP (1, 4, 19, 24) and CLP. In the
structure of the CAP-DNA complex, three amino acids of CAP
contact DNA base pairs of the DNA half site: i.e., amino acids 1, 2,
and 6 of the recognition helix (9, 10, 12, 14, 22, 29). These amino
acids of CAP and the corresponding amino acids of CLP are
indicated in boldface type.

1160 to 1300 of the top strand and positions 1170 to 1300 of
the bottom strand of the clp structural gene was redeter-
mined, using double-stranded DNA of plasmid pDIA5100 (6)
(numbering of nucleotide positions as in reference 6). In
addition, the nucleotide sequence of the entire top strand of
the clp structural gene was determined, using single-
stranded DNA (25) prepared from plasmid pQDCLP.
The results are presented in Fig. 3. The actual nucleotide

sequence of the gene encoding CLP is different from the
previously reported nucleotide sequence (6). The actual

156 157 158 159 160 161 162

CAP ACTIVATING REGION ALA MET THR HIS PRO ASP GLY

PROPOSED CLP ACTIVATING REGION ALA MET SER HIS PRO GLN GLY

177 178 179 180 181 182 183

FIG. 5. Transcription-activating region of CAP (2, 13, 27, 28) and
proposed transcription-activating region of CLP.
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nucleotide sequence has CGCGCG at nucleotide positions
1198 to 1203, whereas the previously reported sequence had
GCGCGC at nucleotide positions 1198 to 1203. The correc-
tion to the nucleotide sequence of the gene encoding CLP
results in three corrections to the inferred amino acid se-
quence of CLP: i.e., Ser at amino acid 200, Arg at amino acid
201, and Glu at amino acid 202. Remarkably, the corrections
to the inferred amino acid sequence of CLP involve positions
-1, 1, and 2 of the recognition helix of CLP and increase the
extent of amino acid identity with CAP (Fig. 3B and 4).

Implications. Our results indicate that CAP and CLP have
the same DNA binding specificity at positions 5, 6, and 7 of
the DNA half site. In addition, our results indicate that all
three amino acids of CAP that contact DNA base pairs in the
CAP-DNA complex (9, 10, 12, 14, 22, 29)-amino acids 1, 2,
and 6 of the recognition helix of CAP-are conserved in CLP
(Fig. 4). We propose that the equivalent amino acids of CAP
and CLP make equivalent contacts in the respective protein-
DNA complexes. Thus, we propose that amino acid 1 of the
recognition helix of CLP (i.e., Arg-201) forms H bonds with
the guanine N7 and guanine 06 atoms of G. C at position S
of the DNA half site in the CLP-DNA complex, that amino
acid 2 of the recognition helix of CLP (i.e., Glu-202) forms an
H bond with the cytosine N4 atom of G. C at position 7 of
the DNA half site in the CLP-DNA complex, and that amino
acid 6 of the recognition helix of CLP (i.e., Arg-206) forms
an H bond with the thymine 04 atom of A. T at position 8 of
the DNA half site in the CLP-DNA complex.
Our results confirm that CLP, like CAP, is able to activate

transcription at the lac promoter (6). In addition, our results
indicate that CLP, like CAP, activates transcription at the
lac promoter from a DNA site centered at position -61.5
relative to the transcription start point. (Our results indicate
that transcription activation at the lac promoter by CLP is
sensitive to twofold-symmetry-related substitutions at posi-
tions -55 and -68, positions -56 and -67, and positions
-57 and -66 [Fig. 1 and 2].) Evidence has been presented
that amino acids 156 to 162 of CAP are critical for transcrip-
tion activation at the lac promoter by CAP but are not
critical for DNA binding by CAP, and it has been suggested
that these amino acids make direct protein-protein contacts
with E. coli RNA polymerase in transcription activation at
the lac promoter (2, 13, 17, 27, 28). Amino acids 156 to 162
of CAP are conserved in CLP (five of seven identical amino
acids; seven of seven identical or conservatively substituted
amino acids [Fig. 5]). We propose that the equivalent amino
acids of CLP make equivalent direct protein-protein contacts
with E. coli RNA polymerase in transcription activation at the
lac promoter, and we speculate that the equivalent amino
acids of CLP make equivalent direct protein-protein contacts
with X. campestris RNA polymerase in transcription activa-
tion at X. campestris promoters.

Nucleotide sequence accession number. The GenBank ac-
cession number for the nucleotide sequence shown in Fig.
3A is M92289.
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