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ABSTRACT: In the absence of arabinose, the dimeric
Escherichia coli regulatory protein of the L-arabinose operon,
AraC, represses expression by looping the DNA between
distant half-sites. Binding of arabinose to the dimerization
domains forces AraC to preferentially bind two adjacent DNA
half-sites, which stimulates RNA polymerase transcription of
the araBAD catabolism genes. Prior genetic and biochemical
studies hypothesized that arabinose allosterically induces a
helix−coil transition of a linker between the dimerization and
DNA binding domains that switches the AraC conformation
to an inducing state [Brown, M. J., and Schleif, R. F. (2019)
Biochemistry, preceding paper in this issue (DOI: 10.1021/
acs.biochem.9b00234)]. To test this hypothesis, hydrogen−deuterium exchange mass spectrometry was utilized to identify
structural regions involved in the conformational activation of AraC by arabinose. Comparison of the hydrogen−deuterium
exchange kinetics of individual dimeric dimerization domains and the full-length dimeric AraC protein in the presence and
absence of arabinose reveals a prominent arabinose-induced destabilization of the amide hydrogen-bonded structure of linker
residues (I167 and N168). This destabilization is demonstrated to result from an increased probability to form a helix capping
motif at the C-terminal end of the dimerizing α-helix of the dimerization domain that preceeds the interdomain linker. These
conformational changes could allow for quaternary repositioning of the DNA binding domains required for induction of the
araBAD promoter through rotation of peptide backbone dihedral angles of just a couple of residues. Subtle changes in exchange
rates are also visible around the arabinose binding pocket and in the DNA binding domain.

T

he homodimeric Escherichia coli protein, AraC,2−4
regulates transcription of the araBAD genes required
for the catabolism of L-arabinose as well as the araC gene
itself.5 The araBAD genes and the araC gene are transcribed in
opposite directions yielding mRNAs that are translated into
the enzymes required for arabinose catabolism and the AraC
gene regulator (Figure 1A).6 AraC consists of a dimerization
domain that binds arabinose7,8 and a DNA binding domain9
connected by an interdomain linker.10,11 Regulation of the
arabinose operon is achieved by the binding of arabinose to
AraC, which facilitates its switching from a repressor to an
activator of transcription involving ﬁve DNA binding half-sites,
the adjacent I1 and I2 half-sites of araI, 35 bp upstream of the
pBAD transcription start site, two half-sites at araO1 120 bp
upstream of pBAD, and the half-site at araO2 that is 245 bp
upstream of pBAD.12
In the absence of arabinose, AraC predominantly loops the
DNA between I1 and O2 and represses the transcription of
both the genes encoding itself and the catabolic enzymes.13
AraC can also autoregulate its own synthesis in the presence of
arabinose by binding to the adjacent half-sites of O1 that
overlap the pC RNA polymerase binding region.14−16 The
© 2019 American Chemical Society

repressed state involving DNA looping is dependent on
supercoiling of the bacterial DNA.17,18 The binding of
arabinose to the dimerization domains causes AraC to switch
from a DNA looped O2−I1 bound conﬁguration to an
unlooped conﬁguration in which AraC binds the adjacent
araI sites, I1 and I2 (Figure 1A).19 This unlooped DNA state
stimulates RNA polymerase to bind and initiate transcription
from pBAD.
The shift from repressing to inducing requires a substantial
quaternary structural rearrangement of the domains of AraC
(Figure 1A).19 Many of the recent studies of AraC have been
directed at understanding the mechanisms by which the
binding of arabinose brings about these structural
changes.20−22 The binding of arabinose to the protein’s
dimerization domains has been proposed to reduce the rigidity
with which the DNA binding domains are held in positions
and orientations favoring DNA looping. A more ﬂexible state
of the protein reduces the energetic cost of repositioning the
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Figure 1. Thermodynamic cycle illustrating the binding of arabinose
to AraC in DNA-bound and free states. (A) Arabinose-induced light
switch mechanism between the DNA looped repressed state and the
unlooped activated state. (B) Arabinose-induced conformational
selection in the absence of DNA. HXMS is applied to these
conformational states.

measures the steady-state time-dependent accumulation of
deuterium in the peptide backbone. When diluted into 2H2O
buﬀer, protein amide hydrogens exchange with solvent
deuterium according to the local conformational dynamics of
the peptide backbone. Structurally protected amide hydrogens
in a stable H-bonded secondary structure (α-helix or β-sheet)
exchange slowly, while amides in ﬂexible regions of structure
exchange quickly.
Arabinose binding predominantly increases the amide
exchange rates of residues Ile167 and Asn168 following the Cterminal α2 helix of the dimerization domain near the
beginning of the interdomain linker. Contrary to the proposed
order to disorder helix−coil transition of this linker,1 the
observed changes instead support a mechanism whereby
arabinose binding destabilizes the junction between the
dimerizing helix and interdomain linker possibly through the
formation of a C-terminal helix cap. Additionally, arabinose
stabilizes both the dimerization domains in regions adjacent to
the arabinose binding site and the DNA binding domains in
the central α4 helices, demonstrating that the DNA binding
domains indeed respond to the allosteric eﬀect of arabinose on
the interdomain linker even in the absence of DNA.

DNA binding domains required for binding to adjacent DNA
half-sites, and much of the repressed, DNA looped, species is
then replaced by DNA with AraC bound at I1−I2.16 Two
regions of AraC have been implicated to be involved in such a
structural rearrangement.
(1) Crystallographic structures of the dimerization domain
with and without bound arabinose show the N-terminal arm
(ﬁrst 20 residues of AraC) in two diﬀerent conformations.9,23
The binding of arabinose repositions the arm so that it binds
directly over the bound arabinose. This conformational change
has been proposed to be the ﬁrst step of a mechanism that
changes the protein’s ﬂexibility. Consistent with this notion is
the fact that almost all of the mutations that weaken repression
by AraC lie in the arms.24,25 Deletions also reduce or eliminate
repression.22 These facts imply that in the absence of
arabinose, the arm plays a key role in holding the protein in
its less ﬂexible, repressing state and that the arm’s repositioning
in the presence of arabinose terminates this activity.20
(2) The second region that appears to be involved in the
repression-inducing conformational shift of AraC is the eightresidue linker11 between the dimerization domain and the
DNA binding domain. This linker is malleable with respect to
mutations it can accommodate,10 but recent studies suggest it
plays an active role in AraC’s conformational switch. Mutations
in this region that weaken repression, enhance induction of
pBAD, and possibly alter the DNA half-site binding preference
have been identiﬁed.26 Fluorescence anisotropy measurements
have also shown that binding of arabinose to AraC lacking the
DNA binding domains increases the ﬂexibility of the linker.27
Furthermore, recent studies substituting polyalanine or
polyglycine into the linker and insertions and deletions in
the linker indicate that in the absence of arabinose, the linker
may be helical and lead to the hypothesis that the addition of
arabinose destabilizes the helix,1 a hypothesis which motivated
the studies presented here.
Here, we query the arabinose free and arabinose-bound
states of AraC in the absence of DNA using HXMS on the
assumption that the properties of AraC relevant to its
conformational shift in the presence of arabinose (Figure
1B) can be observed in the absence of DNA. HXMS28

METHODS
Protein Expression and Puriﬁcation. Full-length AraC
and the dimerization domain were overproduced by the pET24
expression vector (Novagen), isolating the protein by
sequential heparin and HiTrap-Q ion exchange columns as
previously described.29 The AraC dimerization domain was
overproduced by the pET21 expression vector using the ﬁrst
182 residues of the AraC protein with a C-terminal His6 tag,
isolated using a Ni-NTA column and trypsin digestion,
followed by a HiTrap-Q column as previously described.23
Both protein expression constructs have the interdomain linker
present.
Hydrogen−Deuterium Exchange Mass Spectrometry
(HXMS). HXMS was performed on a Thermo Scientiﬁc LTQ
Orbitrap XL mass spectrometer coupled to a Waters Nano
Acquity UPLC system. HX samples were prepared by dilution
of 100 μL of a protein solution [∼20 μM AraC dimerization
domain in Tris-buﬀered saline (pH 7.4) with or without 20
mM L-arabinose] into 400 μL of D2O buﬀer [TBS (pD 7.4)
with or without 20 mM L-arabinose]. Samples were mixed, and
the exchange was quenched by a drop in pH to 2.7 at deﬁned
time points ranging from 10 s to overnight incubation.
Quenched samples were mixed again and injected into a 200
μL loop within the cooling box containing the LC setup at ∼0
°C. After manual injection, the protein was passed through a
custom packed pepsin column (250 μL)30 for nonspeciﬁc
digestion at a ﬂow rate of 200 μL/min using 0.1% formic acid
(pH 2.7). Peptides were collected on a Higgins Analytical
Targa C8 trap column. After 5 min, a second valve was used to
switch the trap column from an isocratic ﬂow in line with a
water/acetonitrile gradient (2 μL/min, 1 to 40% acetonitrile in
18 min, followed by a steep gradient to 90% in 2 min). The
gradient elutes peptides from the trap column, while a
subsequent Waters Symmetry C18 column separates them
prior to injection into the electrospray emitter of the mass
spectrometer. The mass spectrometer was operated in positive
polarity mode at a resolution of 60000.
Prior to the measurement of HD exchange kinetics, an initial
peptide mapping of the AraC dimerization domain and fulllength AraC (see Figure S1) was performed using protein
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Figure 2. (A) Structure of the AraC dimerization domain (PDB entry 2ARC8) highlighting the secondary structures that respond to arabinose
binding. Rendered using UCSF Chimera.43 (B) Comparison of the hydrogen exchange of the AraC dimerization domain in the presence (red) and
absence (black) of 20 mM arabinose as a function of residue number throughout the protein at three exchange time points, 1 min (top), 1 h
(middle), and 24 h (bottom). HXMS was quantiﬁed in triplicate at each exchange time point. The majority of AraC hydrogen exchange is
unchanged upon binding arabinose. Structural regions that show a kinetic structural eﬀect of binding (see Figures 3−5) are indicated by horizontal
bars. The exchange kinetics are quenched by arrabinose binding in the arabinose binding barrel containing the β4−β5 hairpin loop. The exchange
kinetics are enhanced in the β8−310 loop of the arabinose binding barrel connected through space to A17 in the N-terminal arm. The exchange
kinetics are also enhanced in the allosteric C-terminal interdomain linker containing residues I167 and N168.

Figure 3. Arabinose binding quenches hydrogen exchange within the β4−β5 loop of the dimerization domain near the arabinose binding pocket.
HXMS was quantiﬁed in triplicate at times between 10 s to 6 h and 24 h. (A) Peptide envelopes (normalized intensity vs mass shift relative to the
“all H” peak) of three peptides covering residues 50−63: top, T50−E63, charge state of +2; middle, G53−E63, charge state of +1; bottom, G55−E63,
charge state of +1. Relative to the “all H” peptide at time zero, the level of HX is observed to continually increase as a function of time in the
absence of arabinose, whereas the overall level of HX of these peptides remains fairly constant as a function of time in the presence of arabinose.
(B) Kinetics of HX (exchange fraction vs time) within site-resolved regions of the β4−β5 loop: top, I51; middle, G55 and V56; bottom, Q60−E63. (C)
Site resolution of the HX exchange fraction vs residue number. Quenching of HX (in panels B and C) is primarily observed at longer incubation
times between 30 min and 24 h. (D) Hydrogen−deuterium exchange fraction mapped onto the structure of apo-AraC (PDB entry 1XJA23) and
holo-AraC (PDB entry 2ARC8): black, not resolved; blue, 0; white, 0.25; red, ≥0.5. Rendered using UCSF Chimera.43 Arrows indicate the
structural location of the β4−β5 loop.

dialyzed into 0.1% formic acid (pH 2.7). Multiple “all H” runs
were performed using exclusion lists containing well-deﬁned
and strong peptide peaks. This procedure provides a more
complete peptide map of the protein as it allows the

determination of weaker, less populated peptides. Peptides
were identiﬁed using Bioworks 3.3.1 (Thermo Fisher
Scientiﬁc) using a search tolerance of 4 ppm. Exclusion lists
were generated with EXMS231 using peptides with a PPep
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score of ≥0.5. The ﬁnal peptide map was generated by
combining all successfully identiﬁed peptides using a PPep
score of ≥0.99.
EXMS231 was used to identify deuterated peptides using the
peptide map. The m/z tolerance was 10 ppm, and the
retention time window was 4 min for the “all H” sample and 2
min for deuterated samples. The individual and summed peak
noise thresholds were set to 500 and 1500, respectively.
HDsite32 was performed using an experimental temperature of
25 °C and a pD of 7.4. The deuteration range was set to 0−0.8.
Switchable peptides were averaged manually after analysis.

■

RESULTS
Hydrogen−Deuterium Exchange of the Dimerization
Domain. HXMS was performed on the AraC dimerization
domain at a concentration of 20 μM in the presence and
absence of 20 mM arabinose (1000-fold excess) to compare
the dynamics of AraC in its apo and arabinose-bound states.
The aﬃnity of AraC for arabinose (KD) has been previously
determined to be 0.3 ± 0.03 μM.26,29 In the study presented
here, the dimerization domain in its apo and bound states
exists as a dimer as at even at picomolar AraC concentrations,
the protein remains dimeric.33
The structure of the AraC dimerization domain (Figure 2A)
consists of 10 β-strands that loop around to make up the
arabinose binding barrel.8 This binding barrel is ﬂanked by a
310 helix and two consecutive antiparallel C-terminal α-helices
(residues E124−I167) that form the dimerization interface. The
ﬁrst residue of the interdomain linker connecting the
dimerization domain to the DNA binding domain immediately
follows the second helix, α2.26
Figure 2B illustrates the exchange fraction of deuterium
incorporated into the arabinose-bound and free states of the
dimerization domain at three D2O incubation times (1 min, 1
h, and 24 h) as a function of residue number. Additional time
points between 10 s and 24 h are presented in Figure S2. HX
occurs throughout the solvent-exposed secondary structures to
diﬀerent extents depending on the local peptide backbone
dynamics. The fraction deuterium incorporated into the
domain is greatest in the N-terminus, β2 loop (residues I36−
I40), β4−β5 hairpin (I51−F64), β8 loop (Y97−P100), 310 helix
(A102−L108), and C-terminus. HX within helix α1 (residues
E124−Q142) is minimal, and residues in helix α2 (A152−R162) do
not exchange at all, indicating that these helices are stable. The
time dependence of incorporation of deuterium into speciﬁc
residues in the various secondary structure regions of AraC is
presented in Figures S3 and S4.
Here, we focus on the structural regions whose dynamics
respond to the binding of arabinose. Figure 2 shows that HX of
much of the domain remains the same in the apo and
arabinose-bound states, but in three structural regions of the
domain, the kinetics of exchange were clearly diﬀerent in the
presence and absence of arabinose. These regions include two
sides of the arabinose binding barrel, (1) the β4−β5 hairpin
(I51−F64) and (2) the loop between strand β8 and the 310 helix
adjacent in tertiary structure to Ala17 in the N-terminal arm.
The C-terminal interdomain linker, partially resolved in various
crystal structures of the dimerization domain, is also responsive
to arabinose binding.
Simultaneous Stabilization and Relaxation of the
Arabinose Binding Barrel. Figures 3 and 4 illustrate the
dynamics of exchange in the arabinose binding barrel in greater
detail. In Figure 3, the β4−β5 hairpin loop (residues I51−F64)

Figure 4. Arabinose binding enhances the hydrogen exchange in
residues Y97−R99 and A17 connected through space in the β8−310 loop
and the N-terminus, respectively. HXMS was quantiﬁed in triplicate at
times between 10 s to 6 h and 24 h. (A) Peptide envelopes
(normalized intensity vs mass shift relative to the “all H” peak) of
three peptides covering the region: top, F98−E106, charge state of +2;
middle, V96−W107, charge state of +2; bottom, F15−L19, charge state
of +1. (B) Hydrogen−deuterium exchange fraction mapped onto the
structure of AraC (PDB entry 2ARC8): black, not resolved; blue, 0;
white, 0.25; red, ≥0.5. Rendered using UCSF Chimera.43 Arrows
indicate the structural location of this region. (C) HX kinetics of siteresolved Y97−R99 and A17 residues are observed to be faster in the
presence of arabinose than in its absence. (D) HX kinetics of the
region including and surrounding Y97−R99 between 1 min and 3 h and
A17 between 10 s and 30 min illustrate localized HX kinetics.
Arrowheads indicate the residues involved in the altered kinetics.

is observed to exchange less in the bound state than in the apo
state, indicating that arabinose binding stabilizes this secondary
structure region. The extent of incorporation of deuterium is
observed to increase as a function of time in the apo state
within speciﬁc peptides (T50−E63, G53−E63, and G55−E63) of
this structural region causing a gradual shift in the relative
mass. Conversely, the mass of these peptides remains
comparably constant in the bound state (Figure 3A). Residues
(I51, G55, V56, and Q60−E63) in this structural region show the
same gradual uptake of deuterium in the apo state relative to
the bound state as a function of time (Figure 3B). Overall, the
exchange of residues in the entire β4−β5 hairpin loop
increases faster in the apo state (Figure 3C), indicating that
this loop readily samples open and closed conformations that,
possibly, facilitate the binding of arabinose (Figure 3D). Once
arabinose is bound, the closed conformation of this hairpin
loop is stabilized and HX of the region is quenched.
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In addition to the stabilization of the β4−β5 hairpin loop
caused by the binding of arabinose, residues on the opposite
side of the binding barrel in the β8−310 loop and in A17 of the
N-terminus (Figure 4B), each of which is adjacent in the threedimensional structure of the domain, show increased exchange
kinetics. Figure 4A shows that the relative masses of two
peptides (F98−E106 and V96−W107) in the β8−310 loop and one
peptide (F15−L19) in the N-terminal arm are slightly shifted to
higher masses as a function of time in the bound state. Closer
examination of the kinetics of residues Y97−R99 and A17 shows
that the exchange is shifted to earlier times, indicating
arabinose binding relaxes this region of the binding barrel,
resulting in enhanced exchange rates (Figure 4C,D). Thus, the
ﬂexibility of this structural region is increased concomitant
with stabilization of the β4−β5 hairpin loop. None of the
residue side chains in either the β4−β5 hairpin loop, the β8−
310 loop, or A17 make direct atomic interactions with arabinose
and thus could also be considered to have allosteric eﬀects
within the binding barrel.
Allosteric Relaxation of the C-Terminal Interdomain
Linker. In addition to changes in the exchange rates of
residues lining the arabinose binding barrel, we also see
alterations in exchange rates of more distant residues. Figure 5
illustrates that residues in the interdomain linker also relax in

response to arabinose binding. This is observed in a speciﬁc
peptide spanning residues R161−S169, which incorporates
deuterium faster in the bound state than in the apo state
(Figure 5A). The exchange kinetics of residues are increased,
resulting in a shift in the exchange fraction versus time to
earlier time points (Figure 5B). This allosteric eﬀect is highly
localized to I167 and N168 as the surrounding residues exchange
equally in the bound and apo states of the domain (Figure
5C).
Upon close inspection of the hydrogen-bonded structure of
the C-terminal helix (B chain of PDB entry 2ARC, arabinosebound state),8 it becomes evident that the helix is capped at
the C-terminus by a hydrogen bond between the N168 side
chain and the M164 carbonyl (Figure 5D). Following the
nomenclature of Aurora and Rose,34 residues prior to and
including I167 (the C cap) follow the (i → i + 4) traditional
hydrogen bonding pattern of an α-helix and N168 is the ﬁrst
nonhelical residue, C′. Capping of carbonyls by side chains is
less frequent than by backbone amides at helix C-termini,34 but
this cap redistributes the α-helix (i → i + 4) hydrogen bonding
pattern to (i → i + 3) hydrogen bonds between the carbonyl of
A166 and the amide of E169 and between the carbonyl of E165
and the amide of N168 where the helix terminates. Apo
structures of AraC do not have N168 resolved, or N168 does not
form a C cap motif.8,23 This suggests that formation of the C
cap may be responsible for the enhanced exchange of residues
I167 and N168 in the presence of arabinose. C capping
speciﬁcally by asparagine has also been observed in other
proteins using nuclear magnetic resonance (NMR).35
Hydrogen−Deuterium Exchange of Full-Length AraC
Conﬁrms Observations in the Dimerization Domain
and Reveals Allosteric Stabilization of the DNA Binding
Domain. Figure 6A shows the exchange fraction of deuterium
incorporated into the full-length AraC protein at three D2O
incubation times (10 s, 1 min, and 10 min) as a function of
residue number. Additional time points between 10 s and 1 h
are presented in Figure S5. The kinetics of incorporation of
deuterium into the individual residues of diﬀerent secondary
structure regions of full-length AraC are presented in Figures
S6 and S7. Longer D2O incubation times resulted in the
aggregation of AraC that caused loss of peptide coverage and
resolution of the protein hydrogen exchange. This experimental complication was only marginally protected by the
presence of bound arabinose and 20% glycerol36 and is likely
due to a kosmotropic eﬀect of D2O compared to water as the
hydrogen bonding of D2O is weaker than that of H2O.37
Hydrogen exchange at shorter incubation times was amenable
to data analysis and interpretation.
Figure 6A illustrates that the level of HX within the DNA
binding domain is signiﬁcantly greater than that of the
dimerization domain. The NMR solution structure of the
AraC DNA binding domain is comprised of seven α-helices.38
The enhanced HX of the DNA binding domain indicates that
it is less stable than the dimerization domain, certainly more
dynamic, or even partially disordered because the α-helices are
exchanging very rapidly throughout the DNA binding domain
structure (Figure 6B).
Although the stabilization of the β4−β5 hairpin loop by
arabinose binding was not observed in the full-length protein
in the short time range of 10 s to 30 min, relaxation of the
arabinose binding barrel and the interdomain linker was
observed. Figure 6C illustrates these observations with two
peptides: F98−E106 in the β8−310 loop and R161−S169 in the

Figure 5. Arabinose binding enhances hydrogen exchange in residues
I167 and N168 of the C-terminal linker of the dimerization domain.
HXMS was quantiﬁed in triplicate at times between 10 s to 6 h and 24
h. (A) Peptide envelopes (normalized intensity vs mass shift relative
to the “all H” peak) of the R161−S169 peptide at a charge state of +1.
(B) HX kinetics of site-resolved residues I167 and N168 of the Cterminal linker are observed to be faster in the presence of arabinose
than in its absence. (C) HX kinetics of the region including and
surrounding I167 and N168 between 20 s and 1 h illustrate the
diﬀerence in HX kinetics is localized to I167 and N168 with only
moderate diﬀerences in the surrounding residues. Arrowheads
indicate the residues I167 and N168 involved in the altered kinetics.
(D) Hydrogen−deuterium exchange fraction mapped onto the apo
structure of AraC (PDB entry 1XJA23) and potential C-terminal cap
equilibrium of helix α2 containing residues I167 and N168. Structures of
the C-termini of apo-AraC (PDB entry 1XJA23) and holo-AraC (PDB
entry 2ARC8) of the α2 helix interdomain linker junction.
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Figure 6. (A) Comparison of the hydrogen exchange of the full-length AraC protein in the presence (red) and absence (black) of 20 mM arabinose
as a function of residue number throughout the protein at three exchange time points: 10 s (top), 1 min (middle), and 10 min (bottom). HXMS
was quantiﬁed in triplicate at each exchange time point. (B) Hydrogen−deuterium exchange fraction mapped onto the structure of the AraC DNA
binding domain (PDB entry 2K9S28): black, not resolved; blue, 0; white, 0.25; red, ≥0.5. Rendered using UCSF Chimera.27 (C) Peptide envelopes
(normalized intensity vs mass shift relative to the “all H” peak) of two peptides covering the dimerization domain in full-length AraC that conﬁrm
observations in the dimerization domain (Figures 4 and 5): top, F98−E106, charge state of +2; bottom, R162−E169, charge state of +2. HX kinetics of
site-resolved Y97−R99 and R162−N168 residues are observed to be faster in the presence of arabinose than in its absence. (D) Peptide envelopes of
two peptides covering the DNA binding domain in full-length AraC: top, S225−L237, charge state of +2; bottom, Y260−F276, charge state of +2. HX
kinetics of site-resolved residues in α4, A235−L237 and R227−N234, are observed to be slower in the presence of arabinose than in its absence. S262−
L276 have fully exchanged in 1 min.

linker and full-length AraC, containing the dimerization and
DNA binding domains. Two features are notable in this
comparative study of AraC in the presence and absence of
excess arabinose. (1) HX diﬀerences are observed in residues
of the arabinose binding dimerization domain that conﬁrm
arabinose is bound. (2) As expected for an allosteric protein,
arabinose-induced changes in HX dynamics are observed both
adjacent to the bound arabinose and at more distant locations
in the protein.
Arabinose binding directly aﬀects the exchange dynamics of
residues surrounding the arabinose binding pocket. HXMS
detects a quenching of the hydrogen−deuterium exchange in
residues of the β4−β5 hairpin loop (I51−F64) near the top of
the arabinose binding β-barrel (Figure 3), indicating a
stabilization of this region of the dimerization domain when
arabinose is bound. A moderate enhancement of the exchange
kinetics is observed in residue A17 of the N-terminal arm and in
residues V96−W107 of the β8−310 loop (Figure 4). This may
reﬂect a repositioning of the N-terminal arm of the
dimerization domain as is observed in crystal structures.21,23
However, other than that observed for A17, there is no
detectable diﬀerence in the exchange of residues of the Nterminal arm in the time range measured. Exchange in residues
4−12 is complete by 10 s, and residues 13−16 are stable and
do not exchange regardless of whether arabinose is bound
(Figure S3). Moreover, the N-terminus is unaﬀected by
arabinose in full-length AraC containing the DNA binding
domain (Figure S6).

interdomain linker. The diﬀerence between the relative mass
shifts of these peptides in the presence and absence of
arabinose as a function of time is subtle, but the exchange of
individual residues reveals enhanced uptake of deuterium in
residues Y97−R99 of the β8−310 loop and a kinetic shift of
deuterium incorportation in residues R163−N168 of the
interdomain linker. These observations conﬁrm that the
intrinsic conformational dynamics of the dimerization domain
alone also apply to the full-length AraC protein containing the
DNA binding domain.
Despite the high exchange rates seen in the DNA binding
domain, it was possible to see a signiﬁcant reduction in the
exchange rates of residues in helix α4 caused by the presence of
arabinose. The relative mass shifts of residues S225−L237 in the
top panel of Figure 6D demonstrate that incorporation of
deuterium into helix α4 is faster in the absence of arabinose.
Site-resolved regions A235−L237 and R227−Q234 also show a
kinetic delay of the exchange reaction in the presence of
arabinose. Comparatively, residues S262−F276 of C-terminal
peptide Y260−F276 derived from helices α6 and α7 are highly
dynamic with no observed change induced by arabinose.

■

DISCUSSION
Here, we have described hydrogen−deuterium exchange
experiments designed to identify which structural regions of
AraC respond to arabinose binding. HXMS was performed as a
function of time between 10 s and 24 h to assess the kinetics of
exchange in the dimerization domain with the interdomain
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The physiological and biochemical behavior of polyalanine
and polyglycine linker substitutions1 and proline mutations at
diﬀerent positions of the interdomain linker as well as
insertions and deletions in the linker26,27 has suggested that,
in the absence of arabinose, the linker is helical, and we
hypothesize that arabinose binding induces a helix−coil
transition that provides the ﬂexibility necessary for the protein
to tightly bind to adjacent half-sites and activate transcription.
The HXMS experiments reported here do not provide
evidence supporting the helix−coil hypothesis because the
extent of exchange within linker residues E169−H172 is not
substantially diﬀerent between the arabinose-bound and
unbound states. However, arabinose binding does result in
highly localized diﬀerences in exchange kinetics at the
beginning of the interdomain linker starting at the C-terminal
end of helix α2 of the dimerization domain.
As mentioned above, the exchange rates of residues I167 and
N168 are signiﬁcantly increased when arabinose is bound
(Figure 5). One mechanism that might account for this is an
arabinose-induced formation of a C-terminal helix cap by the
asparagine resulting from weakened amide hydrogen bonds at
the end of helix α2. Similar enhanced HX has been previously
observed by NMR in a destabilized helix N capping box of
helix G of the C lobe of cardiac troponin C upon binding of
the phosphomimetic N domain of troponin I.39 A C-terminal
helix capping motif terminating helix α2 of the AraC
dimerization domain in the presence of arabinose could
increase the level of freedom of several of the peptide
backbone dihedral angles of residues following the N168 C cap
motif and allow AraC to more easily adopt the inducing
conformation. Several facts argue in favor of this interpretation.
First, asparagine is one of the strongest C-terminal capping
residues.34,35 Second, in the crystal structures of the AraC
dimerization domain with and without arabinose bound, Cterminal capping occurs only in the protein crystallized in the
presence of arabinose.
It should be noted that a somewhat elevated rate of
exchange was also observed at residues I167 and N168 even in
the absence of arabinose. It is possible, therefore, that the side
chain of N168 is in an equilibrium between a capped state and
an uncapped state so that exchange can occur in the absence of
arabinose and that the binding of arabinose raises the
probability of the capped state. This ﬂickering between the
normal helix hydrogen bonding and the side chain capping of
the dimerizing helix might allow for a modulation of the length
of helix α2 or the linker region just beyond a few residues and
serve to regulate the strength by which the DNA binding
domains are held in positions favorable for DNA looping and
repression.
In these experiments, the binding of arabinose to the
dimerization domain also decreases the rate of exchange of
multiple residues in the DNA binding domain, particularly in
the domain’s central α helix that supports the two helix−turn−
helix DNA binding motifs. This must result from an altered
DNA binding domain−dimerization interaction. Whether this
is a result of a domain−domain interaction that occurs only in
the presence or only in the absence of arabinose or whether
arabinose changes interactions that occur in both states cannot
be determined with the current data. It should be noted,
however, that multiple lines of physical evidence exist for an
interaction that occurs in the presence of arabinose.40
Similarly, co-varying amino acid residues in the dimerization
domain and DNA binding domain in AraC homologues41

occur only in positions compatible with the positioning of the
DNA binding domains that is required for induction.
In conclusion, these HXMS studies of the WT sequence of
AraC demonstrate that the binding of arabinose induces highly
localized changes in H−D exchange rates allosteric to the
binding site. These eﬀects do not appear to involve any
substantial unfolding of the protein but are consistent with the
formation of a C-terminal helix cap of the dimerization domain
of helix α2. Although the mechanism of transmission of the
signal to the responsive residues that arabinose has bound
remains undetermined, such an allosteric eﬀect on the
backbone hydrogen bonding stability of residues at the
junction between helix α2 and the interdomain linker would
allow the DNA binding domains to unhinge and accommodate
alternative DNA binding conﬁgurations commensurate with
transcription activation of araCBAD.12,15,42
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