My favorite molecule

AraC protein: a love-hate

relationship
Robert Schlieif

Summary

In the bacterium Escherichia coli, the AraC protein
positively and negatively regulates expression of the
proteins required for the uptake and catabolism of the
sugar L-arabinose. This essay describes how work from
my laboratory on this system spanning more than thirty
years has aided our understanding of positive regulation,
revealed DNA looping (a mechanism that explains many
action-at-a-distance phenomena) and, more recently, has
uncovered the mechanism by which arabinose shifts
AraC from a state where it prefers to bind to two well-
separated DNA half-sites and form a DNA loop to a state
where it binds to two adjacent half-sites and activates
transcription. This work required learning how to assay,
purify, and work with a protein possessing highly un-
cooperative biochemical properties. Present work is
focussed on understanding arabinose-responsive me-
chanism in atomic detail and is also directed towards
understanding protein structure and function well en-
ough to be able to engineer the allosteric mechanism
seen in AraC onto other proteins. BioEssays 25:274—
282, 2003. © 2003 Wiley Periodicals, Inc.

Initial perspective

@#$**~ — #*~** AraC protein! Eight person-years to develop
an assay to detect the protein, ten-person years to develop a
purification procedure, more than twenty person-years to
crystallize, more than 125 person-years of studying its
function. My favorite molecule indeed! Although much of the
struggle took place before and during the development of
genetic engineering techniques, a “prehistoric” time when
detection and purification of a protein were so difficult as now to
be legendary and beyond comprehension, work with AraC
protein is still technically difficult. For example, despite the
existence of today’s marvelous protein hyperproduction
strains and affinity-purification procedures, AraC remains
fractious. Hypersynthesis yields insoluble and intractable
precipitates, inhibiting satisfactory affinity purification sche-
mes. Routine preparations today yield 1 mg of 90% pure AraC
protein per liter of culture. Despite the difficulties, the work on
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AraC has been well worth the effort. Two basic gene regulatory
principles have emerged from the work, DNA looping, and the
light-switch mechanism for ligand response, and we expect
that more remain to be discovered.

While | was a graduate student, Walter Gilbert and Benno
Mdiller-Hill published their famous paper on the detection and
partial purification of lac repressor'” and Ellis Englesberg
published his paper containing genetic evidence that con-
vinced some scientists, but probably not even the majority, that
AraC protein acted positively to induce expression of the
arabinose utilization genes in E. coli.® Lacking both modesty
and common sense, | decided that | wanted to learn how
to apply Gilbert’s biophysical and biochemical approaches
and to elucidate the function and mechanism of AraC. | thought
that solving the mechanism of AraC as a postdoctoral student
would make it possible for me to find a decent job. | therefore
askedtojoin Gilbert’s group, and he accepted me. At the end of
three years of very hard work, | had not even succeeded in
detecting AraC, but | did find a job in the Biochemistry
Department at Brandeis University. Now, nearly a full scientific
career later, all of it directed to studies on AraC, we seem to
have reached the level of understanding that | naively had
hoped to achieve in a few years.

Genes that allow the bacterium Escherichia colito grow on
the sugar L-arabinose were first identified as a laboratory
exercise at Cold Spring Harbor Laboratory, and then later
mapped and studied (Fig. 1).®) Mutations in the third of these
genes to be characterized, AraC, were peculiar in that they
eliminated expression of the AraB, AraA, and AraD gene
products as well.®= This essay primarily deals with events
following the publication of Englesberg’s evidence that AraC
somehow turned on expression of the other arabinose operon
gene products. Many scientists were more than reluctant
to believe these data because they overturned the simple
notion that all genes would be regulated by repressors, as
had been demonstrated in the /ac operon and in lambda
phage. We now know that, in its overall regulatory properties,
AraC protein does what many other gene regulatory proteins
do. Itturns on and off the synthesis of a few proteins depending
on an intracellular condition. When arabinose is present,
AraC activates transcription of the genes coding for the
uptake and catabolism of arabinose. When arabinose is not
present, AraC not only does not activate transcription from the
ara promoters, but it also actively represses transcription from
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Figure 1. The three sets of arabinose-respon-
sive genes of Escherichia coli and the metabolic
pathway for the conversion of L-arabinose into
D-xylulose-phosphate.

atleast one of them, the intensively studied pgap promoter.(6'7)
What, perhaps, is different from many systems is that the
arabinose gene system is relatively simple, and that, despite
the unpleasant biochemical properties of AraC, is somewhat
amenable to genetic, biochemical, biophysical, and physiolo-
gical studies. The apparent simplicity has made it possible
over the years, to be learning enough about how it functions
that graduate students and granting agencies have remained
interested in the work. The liberty to apply diverse approaches
to the same questions has multiplied the power of the in-
dividual approaches so that the inevitable consequences are
that we now know much about how AraC protein regulates the
arabinose operons.

The two basic gene regulatory principles discovered in the
arabinose system have more than compensated for all the
difficulty of studying the protein. First, the dimeric AraC protein
molecule in the absence of arabinose contacts two half-sites
on the DNA, /; and O, that are separated by 210 base pairs
(Fig. 2). One monomer contacts one half-site, and the other
monomer contacts the other half-site. This generates a DNA
loop whose presence interferes with the access of RNA
polymerase to two promoters in the looping region. When
arabinose is present, instead of looping, AraC prefers to bind to
the adjacent /; and I, half-sites on the DNA. In this state, AraC
stimulates transcription of the pgap promoter via direct
interactions with RNA polymerase.® Since its first discovery
in the arabinose gene system, action at a distance by DNA
looping has been observed in many gene regulatory
systems. 10

The second basic regulatory principle found in the ara
system is the mechanism by which AraC responds to the
presence of arabinose. The protein is a homodimer, and each

of its monomers consists of a DNA-binding domain and of a
dimerization domain that also contains an arabinose-binding
pocket.""=13) The critical factor is an N-terminal arm of about
18 amino acids that extends from the dimerization domain
and, in the absence of arabinose, binds to the DNA-binding
domain.*'® The combination of the covalent connection
between the dimerization and DNA-binding domains and the
binding of the N-terminal arms to the DNA-binding domains
holds the DNA-binding domains in an orientation with respect
to each otherthat favors their binding to the two well-separated
I, and O; half-sites and forming a DNA loop (Fig. 2).('® When
arabinose is present, the N-terminal arms prefer, instead, to
bind over the arabinose, and hence do not bind to the
DNA-binding domains. This frees the DNA-binding do-
mains and they can more easily bind to the adjacent /; and
I> half-sites at the pgap promoter, a binding position from
which AraC protein stimulates transcription from the promoter
pPeap- Thus AraC protein is on when its arms are in one
position, and it is off when its arms are in the other position,
hence the mechanism is named the light-switch mechanism.
AraC can be thought of as a two-state molecular machine,
with the state being determined by the presence or absence
of arabinose.

The number of other proteins that are known to use arms or
tails to make nonpermanent interactions with other domains or
other proteins is growing.®®'® The number is not large,
however. Perhaps a sizeable number of systems utilize such
interactions but have not yet been recognized to do so. The
identification of these systems is particularly difficult as
transient complexes are involved and because most of the
protein structures that have been determined to date are of
small, compact proteins or domains.
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Bad branch on a family tree

Before reviewing our current understanding of the mechanism
by which AraC functions and the experiments that got us to
this point, | should explain why AraC is such an ill-behaved
protein. The root of the problem seems to be the protein’s large
DNA-contacting region. The reasoning is as follows: AraC
protein is a dimer, and each monomer contacts two adjacent
major groove regions of the DNA using two helix-turn-helix
motifs.(""=22 These are facts. Now for the conjecture. The
potential binding energy to DNA resulting from the large
contact area of almost 40 base pairs could easily weld
the protein onto the DNA and interfere with normal DNA
metabolism like DNA replication. Even the E. coli RNA poly-
merase, which protects about 50 bases from nuclease
digestion, makes intimate contact with less than 18 bases or
base pairs.®® One way to weaken the binding of a protein
like AraC to DNA would be to use some of the DNA-binding
energy to complete the folding of the protein. In other words,
the protein likely does not complete folding in the absence of
DNA. A partially folded DNA-binding domain would be very
sensitive to proteases, and could have an excessive number of

hydrophobic residues exposed. This would lead to aggrega-
tion as well as the irreversible binding of the protein to
most column matrix materials or container walls—all proper-
ties of AraC.

The difficult biochemical properties of AraC protein early on
led us to consider the possibility that other, better behaved,
regulatory proteins might have structures similar to that of
AraC and might function by the same mechanisms. The best
candidate was the regulator of the rhamnose operon. Power
had shown that the rhamnose genes likely were controlled in a
positive fashion,®® and since rhamnose is a sugar that is
catabilized by a pathway strikingly similar to that utilized for
arabinose, we thought it likely that AraC and the regulator of
the rhamnose genes of E. coli would function by the same
mechanism. Steve Hahn began the rhamnose work in my
laboratory, and then James Tobin cloned and sequenced the
rhamnose regulatory genes and developed a partial purifica-
tion for small amounts of one of them.®>29 Alas, RhaR was
even more poorly behaved than AraC. The sequencing
showed that, indeed, AraC, RhaR and a second regulator of
the rhamnose genes, RhaS, shared sufficient sequence
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similarity over their C-terminal 100 amino acids that they very
likely possessed similar tertiary structures. A wide variety of
genetic and biochemical data associated this domain with
DNA binding. Hence, the first three members of the family of
DNA-binding proteins now known as the AraC/XylIS family®?
had been identified. Since then the family has grown to over
a hundred members. The other proteins that share sequence
homology to the DNA-binding domain of AraC appear also to
share the same intractable qualities. This is further evidence
that the problematic behavior is a property of the DNA-binding
domain, for the family members are highly divergent outside
the DNA-binding domain. As a result of this poor behavior, very
little biochemical information has been learned about any of
the other proteins, that is, except for the two that are known to
be monomers. Those two, RobA and MarA, are sufficiently
well behaved that they have been purified and crystallized, and
their structures determined while bound to DNA, exceptions
proving the rule.?'?? As these two proteins function as
monomers, they do not possess excessive binding energy
to DNA, and they can afford to be more completely folded in
the absence of DNA, and hence are well behaved.

History and context of the discovery

of DNA looping

One of the reasons for the existence of gene regulatory
systems is to conserve resources by allowing the synthesis
of selected gene products only when they are needed by the
cell. Hence, the machineries of efficient regulatory systems
themselves ought to consist of small numbers of molecules.
While this is fine for the cell, it did not make life easy for the
investigator in the era before genetic engineering. At that time,
it was necessary to devise a sensitive assay for a specific
regulatory protein based on a unique property of the protein. In
the case of AraC, assays based on the binding of arabinose
yielded proteins involved in active transport,®®2°) but not
AraC. Consequently, the approach that seemed most likely
to detect AraC protein seemed to be the ability of the protein
to activate synthesis of the enzymes of the arabinose operon.
Fortunately, Geofrey Zubay had just described the prepara-
tion of a cell extract that was capable of transcribing lac-
containing DNA into RNA and translating the RNA into active
B-galactosidase.®® This system did yield the synthesis of
arabinose enzymes upon addition of an AraC-containing
extract to the extract capable of transcription—translation, al-
though it was necessary, first, to increase the intracellular
synthesis of AraC by increasing the number of AraC gene
copies in cells used to make the AraC-containing extract, and,
second, to eliminate ribulokinase from the extract used for
transcription and translation.®®3" The first requirement
was met by infecting cells with a lambdoid phage carrying
the arabinose operon, a phage that had first been made by
the Susan Gottesman and John Beckwith.®® This provided

a cell extract enriched in AraC. This was added to the
transcription—translation extract that was primed by the
addition of more lambda-ara phage DNA. The second require-
ment was met by deleting the arabinose operon from the cells
used to make both extracts. The synthesis of ribulokinase
could then be detected by a sensitive radioisotope assay,
which itself took more than 24 hours to perform. In the end,
AraC could be detected, and this extremely cumbersome
assay was used to guide the purification of AraC. Now, of
course, most proteins of interest can be synthesized in such
high levels that they may easily be detected and purified.

In parallel with the work on the detection of AraC protein and
its purification for use in biochemical studies, we also pursued
genetic studies. Part of the motivation for the genetic work was
to assist the biochemical work, much like the isolation of the
IPTG tight binding /ac repressor mutants assisted identifica-
tion of lac repressor," and the isolation of overproducing
mutants aided repressor purification.®® Another motivation
was to resolve a paradoxical finding that had been reported by
Englesberg. He found a deletion entering the arabinose
operon from the AraC end that removed the AraC gene and
apparently ended in the regulatory region between AraC and
AraB. The deletion left the pgap promoter normally inducible,
but it eliminated repression of the promoter by AraC (Fig. 3).)
How could AraC generate repression using a site upstream
from all the DNA sites needed for the induction process?
Possibly, the deletion ended just one or two nucleotides up-
stream of those required for induction, and the paradox was
not real. Nonetheless, | thought that this finding was so un-
usual that | set about testing it with the isolation of new
deletions. Hundreds were isolated, one per two-liter flask,
and hundreds of point mutations were isolated, and a fine
structure deletion map was constructed locating the deletion
endpoints with respect to the point mutations. The locations
of the deletions and point mutations appeared to be essen-
tially random, and their high density allowed the size of the
regulatory region between the AraC and AraB genes to be
estimated at about 300 nucleotides.®® More importantly,
the number of deletions that reproduced the behavior of the
Englesberg deletion suggested that the peculiar repression
site lay several hundred nucleotides upstream from the sites
that are required for induction.®®

Progress in resolving the issue of upstream repression
seemingly slowed while we developed methods to use the
various lambda-ara transducing phages to isolate the ara
regulatory region DNA and subportions of it.63") This work
partially succeeded, but was superseded by the development
of genetic engineering techniques. With the new techniques
we cloned and sequenced the regulatory region,*® and, with a
source of regulatory region DNA and pure AraC protein, we
pursued biochemical studies. One of the first was the
demonstration that the DNA migration retardation assay that
had been described by Revzin and by Crothers could
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be adapted to make biochemically meaningful measure-
ments.®®~41) At this time, restriction enzymes were still not
marketed, and it was the custom for the various molecular
biology laboratories in the Boston area each to purify a
different restriction enzyme and share it with the others. One
day, an advertisement in the form of a Xerox sheet arriv-
ed from a new company, New England Biolabs, offering
restriction enzymes for sale. This revolutionary commerciali-
zation quickly led to the preparation of a very similar, but fake
advertisement that also included the sale of pure AraC. This
was left on the desk of the graduate student working on the
purification of AraC. The ultimate outcome of this was a
devastating practical joke later played on me by my graduate
students in collaboration with several faculty members.

The rapidly growing power of genetic engineering and the
use of the DNA migration retardation assay along with pure
AraC then allowed the careful study of the DNA-binding
properties of AraC and the determination of the nucleotides
that it contacted.“2*® More importantly, it became possible to
reinvestigate the question of repression from upstream
sites.“* More deletions were isolated, this time hundreds of
times more easily than the first. Again a site was identified well
upstream of the ara pgap promoter that was required for
repression. Footprinting data verified the conclusion that AraC
interacted with the upstream site.*®

With a site identified well upstream of the promoter that was
required for repression of the promoter, the question became
one of mechanism. How could repression work from upstream.
The most plausible mechanism seemed to me to be DNA
looping, but my thoughts were rejected by everyone in my
group. As aresult, it was left to my technician and me to test the
idea with the helical twist experiments (Fig. 4).“% DNA looping
was thus demonstrated, and at an opportune time, since
enhancers in eukaryotic systems were being explored
and were most puzzling in their action-at-a-distance behavior.

We devised or refined a number of additional genetic,
biochemical, and biophysical experiments to further test and
demonstrate the existence of DNA looping.*¢=*® Amongst
these were the development and use of in vivo foot printing,
and the measurement of the helical twist of DNA in vivo.

Finding the light-switch mechanism

Following the work on DNA looping, we discovered the
extraordinary flexibility of AraC in being able to bind to direct
repeat half-sites, inverted repeat half-sites, and half-sites
separated by an additional helical turn of DNA.“® This led to
the expectation of separable dimerization and DNA-binding
domains in AraC, a notion consistent with the then small
family of proteins with sequence similarity to the DNA-binding
domain of AraC. We developed both biochemical and
genetic methods for the identification of domain boundaries
and showed, indeed, that AraC possessed functionally in-
dependent domains.®®®" For brevity, | shall omit descriptions
of our work on the mechanism of transcription activation by
AraC that was proceeding at the same time.

Up to this time very considerable effort had already been
expended on attempts to crystallize AraC for structure deter-
mination by X-ray diffraction. At about this time, it became
clear that understanding AraC function at any deeper level
required knowledge of its tertiary structure. Hence, my tech-
nician and | began a crash and perhaps suicidal program for
the crystallization of AraC. Although purification of sufficient
protein required the growth of 30 liters of cells every third week
for more than two years, the work of crystallization had been
made simpler by the Hampton company that now sold multiple
buffers for crystallization as well as siliconized cover slips.
These simple conveniences substantially aided our crystal-
lization efforts. In about half a year we had crystals, but were
at first disappointed when we discovered that they were of

278 BioEssays 25.3



My favorite molecule

+- 5 base pairs

e
AraBAD expression
level 1
e, S S—
/
! 2 pBap
Oz

AraBAD expression
level 10

Figure 4. The helical twist experiments that
demonstrated the existence of DNA looping. The
insertion or deletion of five base pairs of DNA in a
nonessential region between the promoter region
and the O, half-site twist the two regions with

respect to each other by half a helical turn, thereby

I I2

PBAD

placing the O half-site on the back side of the DNA
with respect to the /, half-site and the promoter.

AraC that had been proteolyzed during the crystallization
incubation. Seeking to make lemonade from the lemons that
we had been given, we protease digested pure AraC, further
purified it, and attempted crystallization. The first crystal
type that we could reproducibly grow was unsuitable for struc-
ture determination. The second grew much too slowly. We
eventually learned how to coax the dimerization-arabinose-
binding domain of AraC in the presence of arabinose to grow
into a third form of crystal. While we looked lovingly upon our
crystals as though they were our children, the crystallogra-
phers scorned them as too puny. Suitably motivated, we
improved the growth conditions until the complaint was
that the crystals were too large. Rather rapidly then, an X-ray
diffraction group determined the structure of the AraC
dimerization domain from the crystals that we provided."®
Eventually, we also succeeded in growing crystals suitable
for structure determination of AraC in the absence of
arabinose and in the presence of an induction inhibitor,
D-fucose.®?

There are several initial responses to obtaining the struc-
ture of a protein one has studied for many years. Though not
necessarily in this order, one looks to see (1) if the structure is

consistent with all one knows about the protein, and (2) if there
is anything unique or “novel” in the structure that would justify
its publication in a leading journal. Soon one discovers
that, although a structure contains an enormous amount of
information, the information pertaining to mechanism of action
is very well encrypted. Deciphering mechanism from structure
is like trying to follow someone else’s poorly documented
computer program or to figure out the action of an electronic
device fromits wiring diagram. Eventually, we did come up with
a mechanism for AraC that appeared to explain how the pre-
sence of arabinose could make the protein shift from DNA
looping to binding to two adjacent half-sites. This mechanism
depended heavily upon the structures of AraC in the presence
and absence of arabinose and was consistent with the known
biochemistry and genetics. We then tried different biochemical
and genetics tests of the mechanism, but none worked! As we
began to doubt the so-called mechanism, | spent many months
considering alternatives. Typically this required assessing
former experiments, deciding what each really told us and
deciding which of our old experiments might have been mis-
interpreted or simply wrong. Very gradually, an idea developed
that eventually became the light-switch mechanism. By this
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time, we had a sizeable number of “failed” experiments that
were attempts to prove the erroneous mechanism. Some of
them were neutral with respect to the new idea, but several
appeared to provide good support. In the next section |
describe some of the experimental evidence in support of the
light-switch mechanism.

Light-switch mechanism

As outlined earlier, in the absence of arabinose, the N-terminal
arm extending from the N-terminal dimerization and arabi-
nose-binding domain of AraC binds to the C-terminal DNA-
binding domain. The combination of the arm’s binding plus
the covalent connection via the amino acids that link the
N-terminal domain to the C-terminal domain holds the DNA-
binding domains in the same relative orientation as the
dimerization domains. This orientation is suitable for binding
to the /;and O; half-sites and forming a DNA loop. Binding to
the adjacent /; and I, half-sites would require either bending
the protein or breaking at least one of the arm—domain
interactions. Apparently it is energetically more favorable for
the protein to loop the DNA than to bind cisto /; and /.. In the
presence of arabinose, however, the interactions between the
bound arabinose and residues of the N-terminal arm make it
energetically more favorable for the arm to bind to the
dimerization domain than to the DNA-binding domain. Hence
the DNA-binding domains are no longer constrained in their
orientations, and it is now energetically more favorable for
them to bind to the /; and I, half-sites than to form a DNA
|Oop_(14,16)

The mechanism as outlined above predicts that deletion of
the N-terminal arms should leave the protein in an inducing
state even in the absence of arabinose. It does.'¥)

Mutations in the DNA-binding domain that weaken arm—
DNA-binding domain interactions should make the protein
unable to repress by DNA looping and hence put it in an in-
ducing state even in the absence of arabinose. No such
mutations were known when the mechanism was proposed.
They were sought, and found, and the set of such mutations
forms a stripe across the back side of the DNA-binding domain
(whose structure can be reasonably accurately predicted on
the basis of its homology to the MarA and RobA proteins)
where the N-terminal arm presumably contacts the do-
main.!'®5% Additionally, mutations in the DNA-binding domain
that leave the protein unresponsive to arabinose have been
found.(" These are predicted to strengthen arm interactions
with the domain. The genetics data involving these and
mutations in the arm that suppress the effects of such muta-
tions are consistent with this interpretation. In the opposite
way, mutations in the dimerization domain that appear to
strengthen or weaken the interactions of the N-terminal arm
with the domain have been found and are observed to have the
predicted effects.®¥

According to the light-switch mechanism, it is the stiffness
of the DNA and AraC that makes the protein favor looping in
the absence of arabinose and favor binding cisin the presence
of arabinose. If the stiffness of the DNA were eliminated by
connecting the two half-sites with single-stranded DNA, such
preferences should vanish. Such DNA can easily accommo-
date to wherever the DNA-binding domains prefer to be.
Therefore, the dissociation rate of AraC from this split half-site
DNA should be independent of the presence of arabinose
whereas the dissocation rate of AraC from normal DNA should
be much reduced by the presence of arabinose. Fig. 5 shows
that arabinose affects only the dissociation rate from the
normal DNA, the result expected if arabinose does not affect
the intrinsic affinity of the DNA-binding domains for DNA.®®
This experimental technique permits easy determination of the
mechanism by which a ligand modulates the affinity of a
dimeric or oligomeric protein for DNA. If the ligand alters the
intrinsic affinity of a DNA-binding domain for the DNA, the
ligand will alter the affinity for DNA containing the two half-sites
connected by single-stranded DNA. Alternatively, if the ligand
modulates the affinity of the protein for DNA by changing the
relative positioning of the DNA-binding sites, then the affinity of
the protein for the special DNA should be independent of the
presence of the ligand.

Another experiment that is consistent with the light-switch
mechanism, but inconsistent with many alternatives is con-
necting two DNA-binding domains with a peptide linker,
making it into a monomeric protein lacking the dimerization
and arabinose-binding domain. This protein binds to adjacent
half-sites and induces transcription, thus showing that the
wild-type AraC protein is in the flexible or loose state in the
presence of arabinose.®®

The future

The natural course in the development of knowledge is the shift
from observing and understanding phenomena in nature to
using, designing and building things that work according to the
same underlying principles. We are at a stage in our under-
standing of the arabinose operon regulatory mechanisms that
it is appropriate to try to design other, but similar regulatory
systems. For example, the light-switch mechanism is suffi-
ciently simple that it is tempting to consider grafting it onto
other proteins. The presence of a ligand could lead to the
removal of an inhibitory peptide from an enzyme that is
attached to the ligand-binding domain. More immediate
objectives are to understand the details of the energetics of
arm bindingin AraC protein and in other proteins that use arm—
domain interactions. We would like to predict and confirm
the effects of alterations. Computations on energetics and
dynamics of proteins coupled with the ability to construct and
test the predictions undoubtedly will be crucial for future
progress.
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Figure 5. Rigidity experiments that showed that the effect of arabinose is on the relative positioning of the AraC DNA-binding domains
rather than upon the intrinsic affinity of a domain for DNA. DNA whose two AraC-binding half-sites are connected by single-stranded DNA
can easily be bound by AraC in the presence or absence of arabinose, and therefore displays identical dissociation rates from this DNA in the
presence and absence of arabinose. The binding of AraC to normal double-stranded DNA in the absence of arabinose greatly strains AraC
as indicated by the sawtooth symbols. Binding to the same DNA in the presence of arabinose does strain AraC. Hence, AraC dissociates
more rapidly from this DNA in the absence of arabinose than in the presence.
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