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Depurination/depyrimidation binding-interference experiments (missing contact probing) 
identified specific candidate residue-base interactions lost by mutants of Escherichia coli 
L-arabinose operon regulatory protein, AraC, to one of its binding sites, ara1. These 
candidates were then checked more rigorously by comparing the affinities of wild-type and 
alanine-substituted AraC protein to variants of ara1 with alterations in the candidate 
contacted positions. Residues 208 and 212 apparently contact DNA and support, but do not 
prove the existence of a helix-turn-helix structure in this region of AraC protein whereas 
contacts by mutants with alterations at positions 256, 257 and 261 which are within another 
potential helix-turn-helix region do not support the existence of such a structure there. The 
missing contacts displayed by three AraC mutants are found within two major groove 
regions of the DNA and are spaced 21 base-pairs apart in a pattern indicating a direct repeat 
orientation for the subunits of AraC. 

1. Introduction 
AraC protein regulates the transcription of at 

least four operons whose products are involved in 
the uptake and metabolism of arabinose in Escheri- 
chia coli (Irr & Englesberg, 1970; Casadaban, 1976; 
Scripture et al., 1987; (Schleif, 1987). The most 
intensively studied of these is the araC-araBAD 
system that is served by the pc and psAD promoters 
(Fig. 1). AraC protein regulates transcription from 
these two promoters in a complex and as yet only 
partially understood fashion. Direct protein-DNA 
interactions (Ogden et aE., 1980; Lee et al., 1981) are 
involved as well as protein-protein interactions 
between AraC protein molecules bound at non- 
adjacent sites (Hendrickson & Schleif, 1984) that, 
generate DNA looping (Dunn et al., 1984; Martin et 
al., 1986). In the araCBAD regulatory region are 
three main AraC protein binding sites, aral (Ogden 
et al., 1980), which is immediately adjacent to the 
R’NA polymerase binding site for transcription from 
ps~n, ara0, (Casadaban, 1976), a site that overlaps 

the pc promoter, and ara0, (Dunn et al.. 1984), a 
site from which AraC protein loops to either am1 or 
ara0, (Martin et al., 1986; Huo et al.. 1988). 

Many DNA binding proteins contact DNA via a 
helix-turn-helix (H-T-H) structure in which the 
second a-helix fits into the major groove of the DNA 
(for a review, see Pabo & Sauer, 1984). It is logical 
therefore to ask whether AraC possesses any such 
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Figure 1. A representation of the AraCBAD regulatory 
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HELIX 1 TURN HELIX 2 
1 I 

* . * . * .pho.Ala. * . * .PhO.c+r.PhO. * . * . * . * .PhO. * . * .pho. * . * COILSeIlSUS 
1 I 

Gln~Glu~Ser~Val~Ala~Asp~Lys~Met~Gly~Met~Gly~Gln~Ser~Gly~Val~Gly~Ala~Leu~Phe~Asn Lambda repressor 
(33) 

Ile~Ala~Ser~Val~Ala~Gln~His~Val~Cys~Leu~Ser~Pro~Ser~Ara~Leu~Ser~His~Leu~Phe~Arg AraC H-T-H Xl 
(196) 1215) 

Ile~Ala~Thr~Val~Gly~Arg~Asn~Val~Gly~Phe~Asp~Asp~Gln~Leu~Tyr~Phe~Ser~Arq~Val~Phe AraC H-T-H #2 
(245) (264) 

1 2. 3415789 

Recognition Helix 

Figure 2. An alignment of the 2 putative AraC helix-turn-helix (H-T-H) regions with that of lambda repressor. The 
consensus H-T-H is also aligned above. Also shown is a representation of the H-T-H structure. with the “recognition 
helix” aligned with the sequences below. Shown on this diagram are the approximate positions of the residues on this 
u-helix. Note that the side of the E-helix facing the reader is the portion that would approximately face the major groove 
of the DNA binding site. Underlined numbers are residues best positioned for DNA interaction. 

structures and whether these are used in contacting 
DNA. In fact, the primary sequence of AraC 
possesses two regions, from residue 196 to 215 and 
from 245 to 264, with some resemblance to the 
consensus H-T-H regions (Fig. 2). Both of these lie 
within the carboxyl-terminal one-third of the 
protein. This region of the protein has been impli- 
cated in DNA binding by physical experiments in 
which its removal by protease left the protein 
dimeric, but with undetectable DNA binding 
(RX, unpublished results). Genetic studies have 
also suggested that this portion of the protein binds 
DNA, but they have fallen short of proving the 
existence of or providing a role for a H-T-H struc- 
ture (Cass & Wilcox, 1986; Francklyn & Lee, 1988). 
In one study seven mutants in araC were isolated 
whose protein products were thought to be defective 
in their ability to bind ara DNA (Cass & Wilcox, 
1986). The mutations clustered in the carboxyl- 
terminal one-third of araC in the vicinity of the 
second potential H-T-H region. These mutant 
proteins were not shown biochemically to be defec- 
tive in DNA binding and even though only one fell 
within the second potential H-T-H region beginning 
at position 212, it was proposed that this region 
forms a H-T-H structure and that it contacts the 
DNA directly. 

In other systems purely genetic approaches have 
also been used in attempts to identify specific amino 
acid residue-base interactions (Youderian et al., 
1983, Ebright et al., 1984a,b). Conclusions from 
these initial studies were questionable because the 
initial selections ignored the symmetry contained 
within the DNA binding sites for the proteins and 
the mutant proteins isolated often contained bulky 

altered residues. In the case of CAP, more extensive 
genetic and biochemical experiments were required 
to confirm the suspected protein-DNA contact 
(Ebright et al., 1987). 

AraC protein is different from most of the DNA 
binding proteins that utilize H-T-H structure like 
lambda repressor and cro. DNase I protection foot- 
printing of the ara regulatory region by AraC 
protein shows that AraC protein can protect 41 
bases at ara1 (Lee et al., 1987), 41 bases at ara0, 
(Ogden et al., 1980), and 31 bases at araOz (Dunn et 
al., 1984), which is more than the typical 30 bases 
protected by lambda repressor at OR1, OR2 and 0,3 
(Johnson et al., 1979). Premethylation and pre-ethy- 
lation interference studies show that AraC protein 
makes a close approach to the DNA along one face 
of the DNA cylinder within three adjacent major 
grooves on ara1 (Hendrickson & Schleif, 1985) and 
four adjacent major grooves on ara0, (Brunelle, 
1988) in contrast to close approaches to two major 
grooves that are made by many proteins. Direct 
stoichiometry measurements provide evidence that 
AraC protein, which is a dimer in solution (Wilcox & 
Meuris, 1976; Steffen & Schleif, 1977), most likely 
also binds to ara1 as a dimer (Hendrickson & 
Schleif, 1985). If AraC protein contacts DNA in a 
symmetrical fashion, each monomer must contact 
DNA in two major groove regions. Therefore, each 
monomer of AraC protein must possess at least two 
DNA contacting regions. 

The binding sites of most prokaryotic regulatory 
proteins are inverted repeats, and presumably the 
spatial orientation of their subunits reflects this 
symmetry. Such is the case for most phage regula- 
tory proteins whose structures have been deter- 
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mined by X-ray diffraction. It is logical to expect 
that the AraC protein binding sites should also 
possess inverted repeat symmetry, and in fact we 
have pointed out the existence of such symmetry in 
the known sequences of these sites (Hendrickson & 
Schleif, 1985). In addition, however, to the element 
of inverted repeat symmetry within the binding 
sites, there is also considerable direct repeat 
symmetry (Martin, 1987; Brunelle 1988) (see Fig. 6). 
Therefore a fundamental question about AraC 
protein binding is whether it contacts DNA with 
directly repeated subunits or whether it contacts 
DNA with inverted subunits. 

In addition to the above mentioned questions 
about ara site symmetry, further questions 
addressed by the work reported here are: where 
within the primary sequence of AraC are the amino 
acids that contact the DNA; second, which positions 
within the ara1 site do these amino acid residues 
contact; and third, does the pattern of amino.acids 
that contact DNA suggest that they lie in an a-helix 
as might be suspected from the amino acid homolo- 
gies noted above! 

We have examined the positions of contact 
between AraC protein and ara1 DNA by scanning 
populations of lightly depurinated or depyrimidated 
DNA for bases important to or irrelevant to AraC 
protein binding. When used with wild-type and 
mutant proteins containing alanine or glycine 
substitutions that should lack specific base contacts, 
this method provides the identity of probable 
residue-base interactions. These candidate inter- 
actions must be confirmed by more rigorous deter- 
minations of the binding properties between mutant 
and wild-type proteins and DNA. Three steps, 
therefore, are required in this general approach. 
(1) Replace an amino acid residue of the protein 
that is suspected of directly contacting DNA with a 
small amino acid residue, such as alanine, which 
likely will no longer contact the DNA. (2) Use the 
missmg contact probing technology to determine 
whether the mutant protein specifically lacks 
contacts to one or two bases that are contacted by 
the wild-type protein. (3) Confirm the loss of specific 
contacts by alteration of the bases in the DNA at 
these positions and show that, whereas wild-type 
protein binding affinity to DNA is sensitive to 
nucleotide changes at the “contacted” region, the 
mutant protein with a “hole” in it due to the 
presence of alanine, has an afinity for the DNA that 
is independent of the base identity for this position. 
Steps one and three are the essentials of a rationale 
outlined by Ebright (1986), which allowed the 
testing of a model for a Zac repressor-DNA inter- 
action. Steps one and two are described in more 
detail below. 

It is important that the amino acid residue of 
interest be replaced by one that is smaller so that 
this new residue has little chance of (1) mimicking 
the wild-type interactions, (2) creating any other 
new contacts, or (3) causing negative interactions 
with the DNA (see Ebright et al., 1984a,b, 1987 for 
an example of this problem). The successful use of 

this strategy was described by Hochschild & 
Ptashne ( 1986)) where alanine substitution of a 
lambda repressor serine and a cro serine apparently 
confirmed specific contacts between lambda 
repressor/cro and a lambda operator. An assump- 
tion from this type of experiment is that the substi- 
tution of small amino acid residues, such as alanine, 
does not change the basic structure of the protein. 
Both glycine and alanine are small residues. Alanine 
seems to be a better choice for substitution, 
however, since it is often found in a-helices whereas 
glycine is found only rarely (Qian & Sejnowski, 
1988) presumably due to excessive conformational 
flexibility about this residue. 

The missing contact probing methodology is 
similar to the premethylation interference assay 
described (Seibenlist & Gilbert, 1980; Hendrickson 
& Schleif, 1985) except that the DNA is lightly 
depurinated or depyrimidated rather than being 
made bulky by the addition of a methyl group (as 
first described Majors (1976) and as expanded 
and applied by Brunelle & Schleif (1987)). This 
means that a very different question is being asked 
by missing contact probing. That is, does the 
removal of a base, and therefore the removal of a 
possible specific interaction for the protein, affect 
binding by the protein ? We previously have shown 
this approach to be useful in identifying contacts 
lost by mutant proteins that lack an amino acid 
residue involved in specific base interactions 
(Brunelle & Schleif, 1987). Such an approach 
streamlines identifying residue-base interactions 
because only the residue needs to be predicted. The 
base that is contacted by this “predicted” residue is 
then revealed by missing contact probing. 

Throughout this paper we shall use the term 
“contact” when discussing any base that, when 
missing, alters the binding of AraC protein. In addi- 
tion to indicating bases directly contacted by the 
protein, missing contact probing will also reveal 
bases whose presence are necessary in order to main- 
tain a correct overall DNA structure even though 
they are not contacted by the protein, as for 
example, the central four bases of the phage 434 
operator (Koudelka et aE., 1987). 

We used missing contact probing along with the 
genetic and biochemical approaches discussed above 
to probe specific amino acid-DNA contacts of six 
AraC mutants. We constructed five of these 
mutants by changing residues suspected of 
contacting DNA bases. We conclude that histidine 
212 makes contacts to positions -69 and -48 of 
ara1. Two mutants near amino acid position 212 
also behave as if they are involved in specific inter- 
actions with ara1, thus lending support to the exis- 
tence of a H-T-H binding structure in the region 196 
to 215. The behavior of mutants within the other 
H-T-H-like region, positions 245 to 264, did not 
support the existence of such a structure at this 
position. Finally, the patterns of contacts by the 
mutants supports a direct repeat recognition 
sequence, and not an inverted repeat sequence in 
the DNA. 



610 A. Brunelle and R. Schlejf 

2. Materials and Methods 
(a) General methods and materials 

General procedures are as described by Schleif & 
Wensink (1981). DNA isolation and end-labeling of DNA 
fragments with phage T4 polynucleotidr kinasr arp 
described by %laniatis rt al. (1982). Sequencing was 
car&d out as described (Sanger et al.. 1979) or accaording 
to the protocol provided by LT.S. Riochemicals for use 
with modified phage T7 DNA polymerase. .\I1 rest,riction 
uurleases anti phage T4 DNA ligase were obt,ainrtl b> 
Bew England Biolabs. T4 DNiz kinasr was obtained 1~) 
Koehringer-Mannheim. [y-32P]ATP was from New 
England Nuclear. Synthetic oligonucleotides were synthr- 
sized on an Applied Riosystems Tnc. (AHT) synthesizer 
using ABI reagents. All other reagents were obtained 
from &her Sigma Chemicaal Co., Fisher Scientific or Bio- 
Rat1 Laboratories. 

(h) Site-directed mutagenesis oJ’ ara( ’ 

Plasmid pABl003 was constructed to facilitate oligo- 
nucleotide site-directed mutagenesis of araC. This plasmid 
contains the AraC protein overproducer (Schleif & 
Favreau, 1982) inserted into the Hind111 and EcoRI 
portion of vector pGC1 (Myers et al., 1985). This portion 
of pABlOO3 contains all that is necessary for overproduca- 
tion of AraC. The vector portion from pGC1 contains 
ampicillin resistance. a pBR322 origin of replication and 
the phage Ml3 origin of replication that allows the 
production of single-stranded DNA when plasmid- 
cont)aining cells are infected with helper Ml3 phage. 

Site-directed mutagenesis was carried out, by annealing 
the 5’ phosphorylated mutagenic oligonucleotide to the 
single-stranded pABl003 on a nearly 1 to 1 molar 
ratio in 2 x kinase buffer (Maniatis et al.. 1982) supple- 
mented with 100 mM-KCl. Annealing was accomplished 
by heating the reaction to 65°C: and then gradually 
cooling to room temperature. Upon cooling, dNTPs were 
added to 1 mM each along with 1 mAvn-ATP. and dithio- 
erythritol was added to I mM. With these addit,ions thr 
volume was doubled (typically to 20 ~1) so that the buffer 
concentration was reduced to 1 x Five units of Klenow 
DNA polymerase were added at room temperature along 
with 35 units of T4 DNA ligase. The reaction wan, allowed 
to proceed for 1 h at’ 22°C then at, 16°C’ for several morr. 
The extension reaction was often monitored by agarose 
gel electrophoresis and was considered complete when at 
least 30% of the DNA was converted into a form that, 
migrated with the nicked circle form of double-stranded 
pAB1003. 

The DNA from the extension reaction was then used t’o 
transform directly strain HB2154 (Carter et al., 1985), a 
DNA repair defective mutant’. The transformation 
mixture was then transferred directly to 5 ml YT amp 
overnight cultures and allowed to grow to late log. Upon 
reaching late log, a small-scale plasmid preparation was 
done and this DNA was then used to transform directly 
strain ABll . This allows scoring for induction at P,,, or 
repression at P,, as with ABl, but contains an episome 
that allows infection of the helper Ml3 phage for single- 
stranded plasmid preparations. This facilitated rapid 
sequencing of mutants using the method of Sanger it nl. 
(1979). 

(c) Other ,mutant isolations 

Hydroxylamine mutagenesis (Busby et al., 1982) and 
selection for AraC mutants defective in induction at P,,, 

Ind-) and repression at P, was done as described 
[kielle et al.. 1985). 

For some selections, strain AS2 was used. This strain 
is identical to strain ABl (Brunelle et al.. 1985) except it 
provides wild-type AraC protein at a slightly elevated 
level from an episome. This allowed for the selection of 
mutant AraC proteins that were trans dominant negative 
(Isackson & Bertrand, 1985). 

(d) Mutant aral constructions 

The 34 base-pair mutant ara1 sites were synthesized 
and cloned into plasmid ES51 (Huo et al.. 1988) between 
the NheI and BamHI sites, thus replacing the wild-type 
ara1 DNA. 

(e) Gel electrophoresis-DNA binding assays 

The various assays for measuring the affinity of AraC 
protein for ara DNA have been described elsewhere (Fried 
& Crothers, 1981; Garner & Revzin, 1981: Hendrickson & 
Schleif. 1984). b 

(f) Missing contact probing and premethylation 
interference assays 

The principles of missing contact probing have been 
described (Brunelle & Schleif, 1987). Other than DNA 
modification, in practice the technique used to separate 
ara1 DNA, rendered incapable of binding protein, from 
am1 DNA. bound to protein, is identical to that described 
by Hendrickson 8r Srhleif (1985). The subsequent isola- 
tion, chemical cleavage and visualization of DNA frag- 
ments are also the same as described (Hendrickson & 
Schleif. 1985). Cleared cell lysates were the source of both 
mutant and wild-type AraC protein (Krunrlle et rrl., 1985). 
The wild-type a,raI sit,r is present, on a 167 basr-pair l)N,4 
fragment (Dunn & Schleif. 1984). 

The amount of time that was allowed for the dissocia- 
tion of modified ara1 DNA from the araI.AraC complexes 
before separation by gel electrophoresis was 10 min or 
about 0.1 of the t,,? for the dissociation of the unmodified 
araI.AraC complexes (Hendrickson & Srhleif, 1985). As 
an example, de-adenylation at posit’ion -50 (see 
Appendix: top strand data for wild-type AraC protein at 
ara1) results in half dissociation after 10 min (there are 
equal amounts of DNA, which was modified at position 
-50. found in the “bound” and “free” fractions). This 
represents a lo-fold increase from the unmodified aral 
dissociation rate. In contrast, de-adenvlation at position 
-62 causes almost loo?{, dissociation after 10 min 
(almost all the DNA modified at this position ends up in 
the “free” lane). Thus depurination at position -62 
rauses an increase of more than 100.fold in the dissocia- 
tion rate over that of unmodified araT. Thus it is obvious 
from these data that large variat,ions in dissociation rates 

caused by the removal of each base can be e#icienQy 
observed by this method. 

Premethylation interference experiments were carried 
out as described (Seibenlist & Gilbert, 1980: Hendrickson 
& Schleif, 1985). 

3. Results 
(a) The isolation of mutations of AraC protein that 

affect DNA binding 

(i) Random mutagenesis i,mplicates the carboxyl 
terminus 

Mutants of AraC protein that affect binding to 
ara DNA appear to be restricted to t,he carboxyi 
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H-T-H 1 H-T-H 2 
NH. 

/./// --7c*H 

DNA Binding Negative Mutants 

Amino acid 
Mutation alteration 

NXIE & position & position 
127 G+A(8491 Asp(ZZE)~Asn+ 
176 C*T(Eol) His(212)wTyr 
180 C+T(Eol) Hisf212)~Tvr 
208 C~T(801) Hisi212j+T$ 
205 CeT(993) Arg(276l+Zys 

Dominant- 219 G--fA( 924) Glyl253l+Ser 
Negative 221 GJA( 924) Glyl253)+Ser 
Isolates 220 CjT(768) Glnl2Ol)+NON 

222 G-JAl913) Glyl249)*Asp 

Site-directed 307 T+A19281 & 
Dominant-Negative T-,Al9291 Phe(254)*NON 
Mutant 

Figure 3. A schematic representation of araC including 
an expansion of the carboxyl terminus containing the 
location of the 2 helix-turn-helix (H-T-H) homologies, 
each indicated as a pair of open boxes with the short 
spacer regions between representing the turns. All 
mutations isolated in this study are marked as upside- 
down triangles, which point to the position of each 
mutant. Multiple independent isolates of the same 
mutation are indicated by the stacking of mutant 
numbers over the triangle. Vertical lines below are those 
mutations found by others, with the source indicated by C 
or F, which refer to C (isolated by Cass & Wilcox, 1986), 
or F (isolated by Francklyn & Lee, 1988). t Previously 
reported by Brunelle et al., (1985). 

one-third of AraC protein (Brunelle et aE., 1985; Cass 
& Wilcox, 1986; Francklyn & Lee, 1988). Figure 3 
shows the position of six new mutants (including 
missense and nonsense) generated with hydroxyla- 
mine mutagenesis and isolated by their inability to 
repress at parac and/or induce at paraBAD as described 
by Brunelle et al., 1985. Also shown is AB127, which 
has been examined in detail elsewhere (Brunelle et 
al., 1985), and AB307, which was generated by site- 
directed mutagenesis of Phe254 (TTT) to a nonsense 
codon (TAA). The mutants isolated in this study 
and listed in Figure 3 were tested for binding 
defects (data not shown) and showed detectable 
through reduced affinity for binding to ara DNA. 
The dominant negative mutants showed no detect- 
able binding. Also shown are the positions of other 
mutants in araC, isolated by other researchers, 
which may affect specific DNA binding. The 
mutants isolated for this study and previously by 
others are consistent with the proposal that this 
region of AraC protein contains the structural 
domain that is involved in the binding of ara DNA, 

but by themselves the mutants do not prove this 
conjecture or identify specific residues contacting 
DNA or bases contacted. 

(ii) Mutation of only some amino acid residues of 
the curboxyl-terminal third of AraC protein, 
predicted to be involved in protein-DNA inter- 
actions, to alanine cause defects in binding to 
aral 

AS explained in the Introduction, we test whether 
a specific protein residue makes specific interactions 
with ara DNA by first changing this amino acid to 
alanine. For AraC protein, we wished to test 
directly key residues within either of the two 
regions that are somewhat similar to the consensus 
of helix-turn-helix sequences of other proteins that 
do make specific DNA interactions. We altered posi- 
tions two and six of the first H-T-H homology 
region and positions one, two and six of the second 
H-T-H homology region (Fig. 2). These positions 
are commonly found to be involved in base-specific 
interactions (Wolberger et al., 1988; Anderson et al., 
1987; Hochschild & Ptashne, 1986; Ebright et al., 
1987; Wharton & Ptashne, 1987). Position one of 
H-T-H homology one was not changed because we 
felt that a change of proline to alanine would cause 
effects that would be very difficult to interpret as 
anything other than a general disruption of protein 
structure. All the alanine mutants discussed in the 
following sections are listed in Table 2 along with a 
summary of important characteristics. 

The nomenclature for mutants used for the 
following sections is described in Table 2. The two 
alanine variants of H-T-H homology one are defec- 
tive in binding to ara DNA though they have no 
dramatic effects in &JO. The absence of dramatic 
effects in viva caused by the reduced binding affini- 
ties by these two mutants is probably due to a 
compensation from their lOOO-fold overproduction 
in the cell. Two of the three alanine variants in 
H-T-H homology two revealed defects in binding to 

Table 1 
List of strains and plasmids 

Strain Genotype and comments 

ABl F- thr+ leu- Alac araC :: la& fusion araB+A+D- 
dcm- str’ 

AB2 F’ P,,UVB :: araC (a 35-fold AraC overproducer) Zeu+ 
araB+A+D+/thr+ Zeu- Alac araC :: lacZ fusion 
araB+A+D- dcm- str’ 

ABll F’ thr+ leu+ araGD-/thr+ leu- Alac araC-ZacZ fusion 
araB+A+D- dcm- 

HB2154 F’ proA+B+ ZacIq lacZ-(SM15) mutL :: TnlO(tet)/aTa- 
Alac-pro SuII- Bl 

(pAB176, pAB312, pAB314, pAB315, pAB316, pAB317) amp’ 
plasmids carrying mutant araC, derived from the 
IOOO-fold overproducer of AraC protein plaamid 
pAB1003 described in Materials and Methods. 
These plasmids are in strain ABl and are 
referenced in Table 2. 
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Table 2 
M,utants studied and their properties 

Mutant 

AraC 
residue 

number 

Wild- 
type 

residue 
Mutant 
residue 

Position 
H-T-H within 
homol. H-T-H Properties in viva and in vitro Missing contact effects 

AB317 212 His Ala 1 6 

AB176 212 His Tyr 1 

AB316 208 Ser Ala 1 2 

6 

AB314 256 Asp Ala 

AB312 257 Gin Ala 

1 

2 

AB315 261 Ser Ala 2 6 

Wt-like repression at PC in vivo 
and slightly induction minus at 
PBAD. Binding defective to 
both ara1 and a+&, DNA in 
vitro. araI Kd = 14 x Wt 

Wt-like in uiuo. Binding defective 
to both araI and aru0, DNA 
in vitro. ara1 K, = 11 x Wt 

W&like repression at PC in vivo 
and somewhat induction minus 
at PSAD. W&like binding to 
ara0, in viva. Weak binding to 
am1 in rG0. 
uraI Kd = 14 x Wt 

Repression minus at PC in viwo. 
No detectable binding to either 
amI or ara0, DNA in vitro 

Slightly repression minus at PC 
in vivo. Binds with reduced 
affinity to aru1 DNA. 
ara1 Kd = 14 x LVt 

Behaves like wild-type AraC 
protein both in viva and with 
in vitro binding assays 

Lost or reduced: 
G( -49), A( -50). 
G(-70), A(-71) 

Lost or reduced: G( -69) 
G(-48), T(-61), 
G(-70), A(-71). 
Enhanced: A( -63), 
A(-57) 

Lost or reduced: 
G( -69), G( -48), 
G(-70), A(-71), 
G(-49), A(-50) 

Not done 

Numerous contacts 
reduced or lost. Some 
enhanced 

Same as wild-type AraC 
protein 

An example of the nomenclature for identifying mutant or wild-type proteins in the text is Ala208 (Hl, R2) for mutant AB316. For 
this nomenclature refer to the representation of the helix-turn-helix (H-T-H) in Fig. 2. Ala208 refers to alanine at position 208 of Arab 
protein. Hl refers to the H-T-H-like region starting at position 196 of AraC. H2 is the H-T-H-like region starting at position 245 of 
AraC. R2 refers to the residue position within the “recognition helix”. Wt, wild-type. 

ara DNA. Ala256 (H2, Rl) appears to be completely 
binding defective though it is also possible that this 
mutant is structurally unstable and degraded in 
vivo. 

(b) Missing contact probing of aral with 
wild-type AraC protein 

The complete missing contact data for wild-type 
AraC at ara1, in the presence of arabinose, is shown 
and summarized in the Appendix. The pattern of 
contacts for wild-type AraC protein are found across 
a three major groove region of ara1 from positions 
- 73 to - 45 even though under some conditions the 
DNase I footprint has been shown to extend to 
position -36 (Lee et al., 1987; Stoner, 1982). Also, 
the contacts from position -55 to -45 are 
generally much weaker when compared to those in 
the region from -73 to -55. This result supports 
and adds to those conclusions obtained with the 
prealkylation interference data of AraC at ara1 
(Hendrickson & Schleif, 1985; Brunelle et al., 1985) 
which showed that in the buffers used, no close 
approaches to guanine nucleotides in the major 
groove or phosphate groups seem to be made by 
AraC protein within the region of ara1 from -45 to 
-36. 

The variability in the intensity of contacts at ara1 

from base to base reflects the magnitude of change 
on the dissociation rate caused by the depurination 
or depyrimidation at each position (Brunelle & 
Schleif, 1987). Comment on effects at each indi- 
vidual position is inappropriate here. It is likely, in 
addition, that a number of effects are not caused by 
the loss of specific protein-DNA interactions but 
rather by altered ara1 conformation due to depuri- 
nation or depyrimidation. 

(c) Missing contact probing of aral with three 
mutant AraC proteins implicates several positions of 

speci$c contacts between AraC protein and aral 

The next step in determining if a specific protein 
residue is involved in specific DNA base interactions 
is to compare the missing contact probing pattern of 
wild-type protein and the alanine-containing vari- 
ants. If a variant protein has lost a gpecific DNA 
contact, it is expected that a comparison of the 
contact pattern would reveal contacts missing at 
only the position(s) where the specific interaction is 
made by wild-type protein. Only three of the 
mutant AraC proteins listed in Table 2, when 
studied with missing contact probing, acted as if 
they had lost specific contacts. That is they 
displayed only a few distinct alterations in their 
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missing contact patterns. These three were mutants 
of the first H-T-H homology region. 

In contrast to the data obtained with the mutants 
of H-T-H homology one, mutant Ala257 (H2, R2) 
revealed many variable effects on contacts through- 
out the araI region (data not shown). This is not the 
behavior expected for a mutant that has lost few 
specific DNA contacts. Mutant Ala256 (H2, Rl) 
could not be tested because it failed to bind DNA 
and mutant Ala261 (H2, R6) behaves like wild-type 
AraC protein (data not shown). 

One mutant of H-T-H homology one, Ala212 (Hl, 
R6), shows only a few differences between its miss- 
ing contact pattern and that of wild-type AraC. The 
bottom strand data are shown in the Appendix. The 
contact at G( -69) is significantly reduced, though 
it is not eliminated. The contact at G( -48) is 
slightly reduced. The effects at these two positions 
are difficult to observe if only a comparison is made 
between the “bound” and “free” data lanes. The 
effects become more obvious when the bands at 
these positions are also compared to the “bound” 
bands both within and outside of t’he aral region. 
A comparison of the intensities between these 
experimental bands and their relationships in the 
“6 + A” control lane helps t,o visualize the effects we 
describe. These effects, though weak, were rrproduc- 
ible and led us t’o undertake he more definitive 
experiments described below. ‘i n addition to the 
effe&s mentioned above, positions A( - 63) and 
A( -57) show an enhancement for this mutant. This 
type of enhancement is reminiscent of that seen 
previously with lambda repressor (Brunelle & 
Schleif, 1987). (lytosine and thymine interactions on 
the bott,om strand appear to be identicel for wild- 
type and mutant Ara(l protein. Missing contact 
probing data for the top strand are also presented in 
the Appendix. Conta,cts at T( -6l), G( -70) and 
A( -71) are significant’ly reduced for the mutant.’ 

Hochschild & Ptashne (1986) showed that 
premethylation interference was capable of identi- 
fying contacts lost with an alanine variant of 
lambda repressor. We present here premethylation 
interference data for wild-type AraC and mutant 
AR317 (Fig. 8 (c) and (f). Appendix) because the 
lost contacts caused by this mutant are more 
obvious wit,h premethylat’ion interference than with 
missing contact probing. Roth U( -69) and U( -48) 
of the bottom strand appear to have reduced or lost 
contacts as seen with premethylation interference. 
Premethylation interference reveals no differences 
between mutant and wild-type on the top strand. 

Tyr212 (HI, R6) was also examined with missing 
contact probing at ara1. Though not an alanine 
substitution, Tyr212 (Hl, R6) has apparently lost 
some of the same contacts as Ala212 (Hl, R6). 
Tyr212 (Hl, R6) apparently has lost contact to 
position G( -69) and G( -48) of the bottom strand 
and G( - 70) and A( -71) of the top strand of araI 
(Appendix). Unique to Tyr212 (Hl, R6), contacts at 
G( - 49) and A( -50) on the top strand are lost. No 
differences were observed at any pyrimidine posi- 
tions of araI (data not shown). 

The missing contact probing pattern observed for 
Ala208 (Hl, R2) at ara1, is similar to the wild-type 
pattern with the following exceptions: the contacts 
normally present for wild-type AraC protein at posi- 
tions G( -49), A( -5O), G( -70) and A( -71) are lost 
with this mutant (Appendix). 

The data for Ala212 (HI, R6) and Tyr212 (Hl, 
R6) suggest that His212 of AraC protein is inter- 
acting with ara1 near positions -49 and - 70. 
Hendrickson & Schleif (1986) suggest that AraC- 
DNA interactions occur within the major grooves 
near these positions. The most significant and 
consistent changes in the missing contact pattern, 
caused by mutants Ala212 (Hl, R6) and Tyr212 
(Hl, R6), were at positions G(-48) and G(-69). 
Most likely His212 of an AraC protein dimer makes 
specific contacts to position -48 and -69. We 
tested this hypothesis by comparing the binding 
affinity of wild-type AraC protein and Ala212 (Hl, 
R6) with mutations in ara1 at positions -48 and 
-69. 

(d) Binding studies with wild-type and mutant AraC 
proteins and araI sites: the confirmation of a specijic 

AraC-aral interaction 

The experiments and results described above lead 
to the prediction of specific contacts between 
His212 of AraC protein and positions -48 and -69 
of amI. This section describes the biochemical 
confirmation of these contacts. First, we demon- 
strate that mutation of these two positions of ara1 
significantly affect binding by wild-type AraC 
protein. Second, we show that the Ala212 (Hl, R6) 
variant is indifferent to the same mutations. 

(i) aral mutations reduce binding by wild-type Arab 
protein 

If positions - 69 and - 48 of ara1 are involved in 
specific interactions with AraC protein, then 
mutations of those positions would be expected to 
reduce the binding affinity of wild-type AraC for 
those mutant sites. To test for reduced binding 
affinity to wild-type AraC protein, two araI 
mutants were constructed. One was a C -+ T at 
position - 69 and referred to here as T- 69. The 
other was C -+ T at positions - 69 and at - 48 and 
will be referred to as T- (69, 48). The relative 
binding affinities of wild-type AraC protein for wild- 
type and mutant ara1 sites was tested directly using 
the gel electrophoresis DNA binding assa? 
(Fried & Crothers, 1981; Garner & Revzin. 1981: 
Hendrickson & Schleif, 1984). 

The dissociation rate of wild-type AraC protein 
from T-69 is sevenfold faster than from wild-type 
araI (Fig. 4 Table 3, compare Wt AraC data only). 
The double point mutant T-(69, 48) reveals a 
dissociation rate that is %50-fold faster than wild- 
type ara1, and hence, replacing the G * C base-pair 
with T . A at position -48 also increases the kdiss 
about sevenfold. Direct comparison between 
T- (69. 48) and T -69 suggest that the difference is 
sevenfold (see also Fig. 4, Table 3). 
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Table 3 
The relative kdiss for Ala212 (HI, R6) a?ul wild-type 

AraO from mutant and wild-type arals 

wt. Ad 
Mutant 

wt aru1 T-69 T-(69, 48) 

1 7 50 
11 11 11 

Data are normalized to kdiss of wild-type AraC from ara1. For 
these experiments kdiss for the wild-type situation is about 
0.9 x 10m4 8~’ with a t1,2 = 130 min. Measurements of the disso- 
ciation constant. l;d. for all the situations described here for kdirr 
yield the same magnitudes of effect for wild-type and mutant 
comparisons (data not shown). Wt. wild-type. 

(ii) Ala212 (Hl.R6) does not care ,if position -69 
or -48 are mutated 

Figure 4 shows dissociation rate experiments of 
both wild-type and mutant AraC proteins from 
wild-type ara1 and the two mutant ara1 sites. 
Table 3 is a summary of these results normalized to 
the wild-type dissociation rate. It is clear that the 
dissociation rate of the mutant AraC protein, repre- 
sented by a t1,2 of about 12 minutes for all three 
ara1 DNAs (Fig. 4), is not affected by either of the 
mutations in ara1, though wild-type AraC clearly 
depends on the identity of base-pairs -48 and -69 
for normal stability. The mutant has lost the ability 
to recognize the identity of these base-pairs. These 
data suggest that the contacts between histidine 212 
and base-pairs at -69 and -48 provide an 1 l-fold 
increase in binding affinity. 

Why does the mutation at - 69 and/or - 48 cause 
wild-type AraC protein to dissociate even faster 
than the mutant AraC protein! Apparently these 
ara1 mutations introduce a negative component to 
binding for wild-type AraC protein. The magnitude 
of this effect is about 4.6-fold disfavoring wild-type 
AraC protein binding. One possibility is that the 
thymine methyl of the T. A base-pair, present in the 
major groove, causes steric interference with the 
histidine of wild-type AraC protein but not the 
mutant’s alanine. Such an interference from the 
substitution of an A. T base-pair for G. C has 
previously been inferred for the catabolite gene acti- 
vator protein (CAP) (Ebright et al., 1987). An alter- 
native explanation is that alanine 212 in the mutant 
protein may have or cause new interactions with 
some group on ara1 other than at positions - 48 and 
- 69. These two possibilities cannot be 
distinguished with these data, however. 

4. Discussion 

As discussed in the introduction, physical and 
genetic data indicate that the carboxyl-terminal 
one-third of AraC protein contains the DNA binding 
structures. Two portions of the AraC primary 
sequence in this region resemble those that adopt 
the helix-turn-helix (H-T-H) structural motif 
involved in specific DNA site recognition and 

binding of many proteins. Using site-directed muta- 
genesis, we tested whether either or both of these 
regions acted as if they provided a DNA binding 
function. Based on these findings we narrowed our 
interest to the H-T-H-like region from 196 to 215. 
Genetics, missing contact probing and binding 
studies demonstrated that histidine 212 or AraC 
protein makes productive specific contacts to t’wo 
positions within the ara1 site. Also, the behavior of 
two other mutants in this region are consistent with 
such a H-T-H DNA-binding structure here. 

Missing contact probing with the Ala208 (Hl, R2) 
mutant, suggest,s that serine 108 of wild-tvpe Ara(’ 
protein makes productive contacts very” near to 
those made by histidine (212), though on the oppo- 
site strand. This conclusion remains to be substan- 
tiated and would require a complete analysis as was 
done for position 212 of AraC protein. 

(a) Is th,era only one helix-turn-helix DNA binding 
m.otif in AraC protein? 

Changing two amino acid residues in H-T-H one, 
that ought to contact DNA, generated effects 
consistent with such contacts. We showed that posi- 
tion six (His212) in the proposed recognition helix 
provides a specific interaction to only two positions 
of ara1. Position two, when changed to alanine, 
appears to have lost contact in two limited regions 
adjacent, to bhe proposed contacts for His212. 
Thus the first potential H-T-H region very likely 
does have a H-T-H structure. 

Only one mutant (Ala257 (H2, R2)), in the 
H-T-H homologous region starting at position 245 
(H-T-H homology two), behaved as if it may have a 
partial defect in binding, thereby identifying it as a 
candidate for missing a specific protein-DNA inter- 
action. Missing contact probing with this mutant, 
however, revealed that effects at many positions 
within ara1 were altered when compared to wild- 
type AraC protein (data not shown). This is not 
what would be expected for the loss of DNA 
contacts caused by the removal of one amino acid 
residue, but seems to reflect a global structure 
change in the protein. The data presented here do 
not support the existence of a H-T-H motif at this 
position. 

The first helix-turn-helix region appears to make 
it’s contacts in only the first and third major 
grooves of ara1. It seems reasonable that another 
region of AraC protein is involved in contacting 
major grooves two and four. The genetic data 
presented here and by others (Brunelle et al.. 
1985: Cass & Wilcox, 1986; Francklyn & Lee, 1988) 
suggest that the rest of the carboxyl one-third of 
AraC protein is also involved in DNA binding. We 
can guess that at least part of the second DNA 
binding region lies between residues 253 and 279, 
which are 38 and 11 residues from the carboxyl 
terminus of the Escherichia coli AraC protein, 
because deletion of the protein’s final 38 residues 
creates a dominant negative protein (AB307, 
Fig. 3), whereas the removal of the last 11 amino 
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> > 
W W 

GCCATAGCATTTTTATCCATAAGATTAGCGGATCCTACCTG 
CGGTATCGTAAAAATAGGTATTCTAATCGCCTAGGATGGAC 

0 0 
(a) 

> 
W 4 

GCCATAGCATTTTTATCCATAAGATTAGCGGATCCTACCTG 
CGGTATCGT-TAGGTATTCTAATCGCCTAGGATGGAC 

6 W 
< 

(b) 

Figure 5. (a) The observed pattern of lost contacts by 
mutants of H-T-H 1. The diamonds represent the 
contacts missing at positions -48 and -69 for Ala212 
(Hl. R6). The open circles are positions of contacts miss- 
ing with Ala208 (Hl, R2). (b) The pattern expected if 
AraC recognized an inverted repeat. The symbols in this 
diagram are analogous to those for (a) but show their 
hypothetical positions if AraC protein were to recognize 
an inverted repeat like that proposed by Hendrickson & 
Schleif (1985). 

acids causes no effects (Brunelle, 1988). A nonsense 
mutation that removes the last 11 residues of AraC 
in effect produces an AraC protein that is very 
similar to the AraC protein of Salmonella typhy- 
murium (Clarke et al., 1982). 

(b) AraC protein likely ,recognizes 
two direct repeat ele,ments 

The symmetry of the lost contacts displayed by 
mutants AB176, AB317 and AB316 (Fig. 5(a)) leads 
to the conclusion that AraC protein binds to aral as 
a head-to-tail multimer and therefore by inference 
the best DNA binding site is also a direct repeat. 
Figure 5(b) shows the predicted pattern of lost 
specific contacts for an inverted repeat like that 
previously suggested (Hendrickson & Schleif, 1985). 
The two patterns are easily distinguished and the 
data clearly support a direct repeat symmetry. 

Figure 6 shows ara1 and data from six other 
known AraC binding sites, capitalizing those posi- 
tions that fit a double direct repeat element. There 
are two distinct elements that are alternately 
repeated in the ara sites. It is interesting to note 
that the related elements are exactly 21 base-pairs 
apart, suggesting that homologous domains of each 
monomer rest in perfect register with elements on 
the DNA which has a helical periodicity of 1@5 

Included in order of discussion are: 
Figure 7. Complete missing contact probing data 

for wild-type AraC protein at ara1, including a 
diagram of the nrd sitme wit’h diamond svmbols to 

gccaTAGCAtttttaTCCATAagatTAGCggatcctaCCtgAcg 
- - - - - -, a ------, l 

TAGCA TCCATA TAGCA TCCATA 
26444 155111 43662 365235 

Figure 6. ara1 with 2 direct repeat elements indicated 
by arrows. The related elements are indicated by unique 
arrows, either continuous or broken. The numbers below 
are the number of exact matches of the capitalized letter 
to 7 of the known or suspected AraC binding sites (for 
alignments. see Hendrickson & Schleif 1985). 

base-pairs per turn. It is also interesting that major 
groove four, the region where AraC usually fails to 
make any productive contacts at ara1, is also the 
region of araI that matches least well with the 
consensus. In fact, the fourth major groove of ara0, 
matches the consensus in five out of six positions, 
and premethylation and pre-ethylation interference 
contacts in this region of ara0, are quite strong 
(Brunelle, 1988). 

Recently the validity of the approach used by 
Hoschild & Ptashne (1986) and by us in this paper 
to verify specific residue-base interactions has been 
brought into question by the work of Takeda et al. 
(1989). In fact, the approach of Takeda et al. of 
measuring the binding energy of wild-type Cro 
protein and of a serine-substituted variant for every 
possible single nucleotide change in the binding site 
closely agreed with the work of Hoschild & Ptashne 
(1986). Takeda et al.‘s binding energy experiments 
identified Ser28 of Cro as contacting adenine 3 and/ 
or guanine 4 whereas Hoschild & Ptashne concluded 
Ser28 contacts guanine 4. One aspect of the Takeda 
et al. measurements puzzles us, however: they found 
that the binding energies contributed by each base 
appeared to be additive, apparently unlike expec- 
tations from thermodynamic principles (Page & 
Jencks. 1971). and different from what was seen for 
two mutations in the lac operat,or (Mossing &. 
Record, 1985). 

Appendix 

The following are the missing contact data 
discussed in the text. Specific positions discussed in 
the text are indicated with arrows or some other 
appropriate symbol. Positions marked to the left of 
the standard lanes are distances from the start of 
transcription at the araBAD promoter. G +A is 
cleaved depurinated DNA standard. C+T, is 
cleaved depyrimidated DNA standard. Standards 
are the same DNA used in the probing experiment 
but, were not treated with protein. Bound (or B) are 
gel lanes with modified DNA isolated from 
AraGDNA complexes; Free (or F) are lanes with 
the DNA that had dissociated from and was free 
from the bound complexes. 
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Figure 7. 

summarize the data. One diamond above (or below) 
a base indicates only a relatively weak effect while 
two or three indicate progressively stronger effects. 
The vertical lines next to the data indicate the 
extent of the DNase I footprint on each strand 
(Ogden et al.. 1980: Stoner, 1982; Lee et al., 1987). 

Figure 8. Missing contact probing and premethy- 
lation interference data on the top and bottom 

strand of ara,I with wild-type and Ala212 (Hl, R6) 
AraC protein. 

Figure 9. Missing contact probing data @urines 
only) for wild-type and Tyr212 (Hl, R6) AraC 
protein at aral. 

Figure 10. Missing contact probing data (top 
strand purines only) for wild-type and Ala208 (Hl, 
R2) AraC proteins at ara1. 
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WT - Ala 208 

Figure 10. 
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