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Summary
The biotin repressor is an allosterically regulated site-specific DNA binding protein. Binding of the
small ligand, bio-5'-AMP, activates repressor dimerization, which is a prerequisite to DNA binding.
Multiple disorder-to-order transitions, some of which are known to be important for the functional
allosteric response, occur in the vicinity of the ligand binding site concomitant with effector binding
to the repressor monomer. In this work the extent to which these local changes are coupled to
additional changes in the structure/dynamics of the repressor was investigated using Hydrogen-
Deuterium exchange coupled to Mass Spectrometry. Measurements were performed on the apo-
protein and on complexes of the protein bound to four different effectors that elicit a range of
thermodynamic responses in the repressor. Global exchange measurements indicate that binding of
any effector to the intact protein is accompanied by protection from exchange. Mass spectrometric
analysis of pepsin-cleavage products generated from the exchanged complexes reveals that the
protection is distributed throughout the protein. Furthermore, the magnitude of the level of protection
in each peptide from H-D exchange correlates with the magnitude of the functional allosteric response
elicited by a ligand. These results indicate that local structural changes in the binding site that occur
concomitant with effector binding nucleate global dampening of dynamics. Moreover, the magnitude
of dampening of repressor dynamics tracks with magnitude of the functional response to effector
binding.
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Introduction
Thermodynamic linkage or cooperativity is ubiquitous in biology and is integral to regulation
of metabolism, gene transcription, and signal transduction. Despite its widespread nature, the
physical-chemical basis of cooperativity is not yet understood. Classic work focused on
modeling cooperative behavior evidenced in binding isotherms and kinetic analysis using the
two-state allosteric MWC (1) or the stepwise Koshland Nemethy and Filmer (2) formalisms.
These types of analyses provide low-resolution, mechanical views of cooperativity. However,
elucidation of the mechanism of cooperativity requires determination of how a signal that
impinges on one region of a biological macromolecule or complex is transmitted throughout
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the system. Recent development of experimental tools including dynamic methods in NMR
spectroscopy, hydrogen-deuterium exchange detected by either mass spectrometry or NMR
spectroscopy and computational tools have provided insight into structural and dynamic
changes that accompany energy transduction in biological macromolecules (3). Results of these
studies have prompted development of models of signaling the extremes of which are those
that posit defined pathways of allosteric communication (3,4) and global models that support
distributed signaling that occurs through changes in the dynamics of the cooperative
macromolecule (5).

The biotin repressor: An allosteric site-specific DNA binding protein
The Escherichia coli biotin repressor, BirA is an allosteric site-specific DNA binding protein.
BirA, carries out two biological functions including catalysis of biotin linkage to a biotin-
dependent carboxylase and binding to the operator sequence (bioO) of the biotin biosynthetic
operon (6,7). The active BirA species in both functions is bound to bio-5'-AMP, which is
synthesized from substrates biotin and ATP (8,9). The adenylated biotin serves both as an
intermediate in the biotin transfer reaction and as a corepressor in assembly of the BirA.bioO
transcription repression complex. This assembly occurs through coupled dimerization and
DNA binding (Figure 1A) and bio-5'-AMP enhances transcription repression complex
assembly by selectively driving the dimerization step (10,11). Thus, elucidation of the
mechanism of allosteric communication in this system requires determination of the structural
and or dynamic changes accompanying effector binding to the repressor monomer that are
responsible for the enhanced dimerization energetics.

Structures of the apoBirA monomer and dimeric complexes of the protein bound to biotin and
btnOH-AMP, an analogue of bio-5'-AMP, reveal several-ligand induced changes in the
repressor monomer (12–14). Functional studies indicate that some of the changes in the vicinity
of the allosteric effector binding site are important for the allosteric response. The high-
resolution structure of apoBirA reveals that the ligand binding site/active site is characterized
by four loops that are partially disordered in the unliganded protein (Figure 1B). One of these
loops, the biotin binding loop or BBL composed of residues 110–128, is folded over biotin in
the BirA.biotin and BirA.btnOH-AMP structures. This loop as well as two of the other partially
disordered loops composed of residues 140–146 and 193–199 form part of the protein-protein
interface in both liganded dimers (13,15). Thus, the disorder-to-order transition in the BBL
that accompanies ligand binding is important for the ligand-linked dimerization. A fourth loop,
the adenylate binding loop or ABL, composed of residues 212–233, folds around the adenine
base in the adenylate bound repressor. Consistent with the structural data, solution
measurements of subtilisin-mediated proteolytic digestion of the repressor revealed that
corepressor binding leads to protection of this loop from digestion (16). Inspection of the
adenylate-bound structure determined by x-ray crystallography reveals that loop folding
around the adenine base is accompanied by formation of a hydrophobic core involving side
chains of ABL residues V114, V119 and W223. Both corepressor-induced loop folding and
the allosteric response are compromised by replacement of any of these residues with alanine
(17). Thus, the allosteric response requires local folding of the ABL around the adenylate
moiety of the corepressor. However, since the ABL is distal to the BirA surface that directly
participates in dimerization, it is likely that ligand-induced folding of the ABL is coupled to
other structural and/or dynamic changes that are significant for the allosteric response.

The magnitude of the energetic response to ligand binding in the biotin repressor is tunable.
Four biotin analogs have been subjected to analysis with respect to effects of their binding on
energetics of both repressor dimerization and total assembly of the repressor:operator complex
(18). As shown in Figure 1, total assembly refers to combined dimerization and site-specific
DNA binding of the dimer. In order to determine the magnitude of the coupling free energy
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associated with each ligand, the free energies of dimerization and total assembly were
compared for the unliganded repressor and the repressor bound to each of the four ligands
(Figure 2). Results of these studies allowed classification of two ligands, biotin and biotinoyl-
sulfamoyl adenylate as weak effectors and biotinol-5'-AMP and the physiological effector,
bio-5'-AMP, as strong. Thus, the presence of the adenine moiety, which should serve as a
nucleus for folding of the adenylate binding loop, is not sufficient to elicit the maximum
enhancement of dimerization energetics. A notable feature of the thermodynamic data is that
for the two weak effectors the coupling free energy measured for dimerization is not equal to
that measured for the total assembly process. Moreover, this coupling free energy was more
favorable for total assembly than for dimerization; suggesting the occurrence of ligand-linked
changes in the monomer that promote DNA binding but not, necessarily, dimerization.

As discussed above, elucidation of the molecular basis of allosteric activation of BirA requires
determination of the structural and dynamic changes that occur in the repressor monomer in
response to effector binding. The linkage between effector binding to the monomer and
dimerization renders use of either x-ray crystallography or NMR spectroscopy inappropriate
for addressing this question in this particular system. Indeed, even the complex of BirA bound
to the weakest effector, biotin, crystallizes as a dimer, presumably because of the high effective
concentration associated with crystallization (13). NMR spectroscopy is problematic for the
same reason. Hydrogen-deuterium exchange coupled to mass spectrometric (HDX-MS)
analysis provides an alternative approach to determining ligand-linked structural and/or
dynamic changes in the BirA monomer (19,20). This method has proven powerful in localizing
changes in the levels and rates of peptide backbone H-D exchange in proteins as they form
complexes and it has been successfully applied to analyzing the allosteric response in several
protein systems (21–24). Its major advantage over other techniques for analyzing the allosteric
response in BirA is that the exchange can be performed at concentrations at which even the
liganded forms of BirA are predominantly monomeric.

The availability of four allosteric effectors that yield a range of functional responses in BirA
provides an opportunity to investigate structural/dynamic correlates to the allosteric response.
In this work partial proteolysis and H-D exchange coupled to mass spectrometry are combined
to investigate ligand-linked changes in the BirA monomer. Results of partial proteolytic
measurements reveal no correlation between the rate of cleavage of the ABL and the magnitude
of the allosteric response. Measurement of global H-D exchange on the unliganded and
liganded intact BirA using ESI-ToF MS indicate that in all cases ligand binding results in
protection of the protein backbone from H-D exchange. MALDI-ToF MS analysis of pepsin
digestion products of repressor exchanged in the absence and presence of saturating ligand was
performed to localize the regions that changed in their levels of exchange at long time frames.
These measurements reveal that ligand binding results, for the most part, in protection of local
regions from exchange. Moreover, the protection extends from the N-terminal DNA binding
domain to the C-terminal domain of the repressor. Furthermore, the extent of protection, in
terms of number of backbone amide hydrogens exchanged, is greatest for the physiological
effector, bio-5'-AMP. These results support a distributive model for transmission of the
allosteric response in BirA in which local folding in the ligand binding site triggers changes
in the dynamics of the entire protein.

Results
In the adenylate-bound structure of BirA the adenylate binding loop is folded around the
adenine ring of the ligand and this folding contributes to the allosteric response. The
relationship between the loop conformation, as probed by subtilisin-mediated partial
proteolysis, and the allosteric response associated with binding of each of the four effectors
was investigated. Initial cleavage of the repressor with subtilisin occurs at the peptide bond
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linking amino acid residues 217 and 218. The pseudo-first order rate of BirA cleavage by
subtilisin has previously been shown to be moderately decreased upon biotin binding and
decreased to a greater extent upon binding of bio-5'-AMP (16). These rates were measured for
apoBirA and its complexes with biotin, btnSA, btnOH-AMP and bio-5'-AMP. In each case the
ligand concentration was sufficiently high to saturate the protein and the repressor
concentration was sufficiently low to avoid significant contribution of dimer to the total species
population. Results of the measurements, shown in Table 1, indicate that biotin binding results
in no decrease in the cleavage rate. While previous studies indicated a 2-fold decrease in the
rate with biotin binding, they are consistent with the current results in indicating a small change
in the rate. The three other ligands, which induce a range of allosteric responses, confer greater
protection from proteolytic digestion than does biotin. However, the rates of cleavage of the
repressor bound to all three adenylated ligands are similar in magnitude.

Global H-D exchange reveals that binding of all effectors results in protection from H-D
exchange

In order to determine if any differences exist at a global level, ligand-induced changes in the
rate of hydrogen-deuterium exchange were first measured for intact BirA. These measurements
were performed on the apo-protein and each of the liganded species. In all cases the exchange
was performed at sufficiently low total protein concentration to ensure minimal contribution
of the liganded dimer to the total species population. The experiments were initiated by dilution
of the protein, either alone or combined with saturating concentration of the appropriate ligand,
into deuterated buffer. Samples were removed at specific time intervals, quenched into cold
low pH buffer, rapidly desalted, and immediately subjected to ESI-ToF mass spectrometry.
Results of these measurements, which are shown in Figure 3, indicate that, relative to the
aporepressor, all liganded species are protected from H-D exchange. At 30 minutes after
initiating the exchange reaction approximately 40 fewer backbone hydrogens in the liganded
species are exchanged relative to the aporepressor. The time courses were subjected to
nonlinear least squares analysis and found, consistent with previous studies (19), to be well-
described by a triple exponential model. While the rates and amplitudes of the three phases
were not, in all cases, well resolved, they can, in agreement with other studies of H-D exchange,
be categorized as fast, medium and slow.

Localization of differences in H-D exchange
While the global exchange measurements indicate that binding of each of the four effectors
leads to protection of the backbone amides from H-D exchange, these measurements cannot
reveal specific locations in the BirA primary structure of this reduced exchange. In order to
localize the changes in exchange, mass spectrometry was performed on products of pepsin
digestion of the exchanged samples. Prior to performing measurements on exchanged samples
the proteolysis was optimized to maximize coverage of the protein sequence and the peptide
digestion products were subjected to MS/MS analysis in order to identify their primary
sequences.

The method of choice for MS analysis of the pepsin digest products of H-D exchange in this
system was MALDI-ToF and a spectrum of the unliganded, unexchanged protein subjected to
pepsin digestion is shown in Figure 4A. The protein was digested using pepsin immobilized
on agarose beads for 30 sec. This short digestion time was employed in order to minimize back-
exchange in analysis of the exchanged protein. The identities of the peptides in the MALDI-
ToF spectrum were determined using MS/MS analysis on a Q-ToF mass spectrometer with the
goal of maximizing identification of the peptides observed in the MALDI-ToF spectrum. The
maximum coverage that could be reproducibly obtained was approximately 65% of the protein
sequence. While these peptides represented segments of the entire primary sequence of BirA
(Figure 4B), the coverage in the amino and carboxy terminal segments of the sequence was
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better than that obtained for the region that forms the central domain in the 3-dimensional
structure.

The hydrogen-deuterium exchange measurements to localize regions of difference in exchange
were performed in steady-state mode. The global exchange measurements indicate that after
30 minutes of exchange the mass of BirA, either in its apo or liganded states exhibits a very
small increase with time, consistent with leveling off of the in-exchange. The locations of
differences in deuterium content in the repressor sequence were, therefore, determined after
60 minutes of exchange. The protein, either apoBirA or its complexes with the four small
ligands, was subjected to exchange that was rapidly quenched by lowering the pH and
temperature of the solution. After a 30 second digestion with immobilized pepsin the
proteolytic fragments were subjected to MALDI-ToF MS analysis. Given the very short time
required to achieve sufficient proteolytic digestion of the protein, the total time from quenching
of the exchange to mass spectrometric analysis was approximately 4 minutes, a design that
helped to minimize back-exchange. Examples of exchange profiles for two of the peptides
obtained for the apo-repressor and all four liganded species are shown in Figure 5. Inspection
of the figure reveals that while peptide 1–10 undergoes significant exchange, there is no
difference between the unliganded and liganded forms of the protein. By contrast, the peptide
corresponding to residues 85–101 also undergoes significant exchange. However, relative to
the unliganded protein, this region is protected in all liganded forms of the repressor. Moreover,
the extent of protection differs for each of the ligands.

Deuteration levels of the pepsin digestion products were determined from the average mass of
each peptides, which were obtained from the centroids of the mass envelopes for each peptide.
Repeated measurements indicated that deuteration levels could be reproducibly obtained in
independent experiments to less than 0.5 deuterons. Thus, in our analysis differences greater
than 0.5 deuterons are considered significant. The total number of deuterons associated with
each peptide was corrected for both the fact that exchange was performed in 90% vol/vol
D2O and for back exchange. The back-exchange control experiments were performed by first
subjecting apoBirA to pepsin digestion and then incubating the resulting peptide products in
deuterated buffer at high temperature for 90 minutes to effect complete exchange. This
variation on the back-exchange control measurements was used because extensive
precipitation occurred during the long incubations required to completely exchange all
backbone amides into the intact protein under native conditions (25). The resulting exchanged
peptides were treated identically to the pepsin digestion products obtained from protein that
had been subjected to H-D exchange. Results of these control measurements revealed that the
extent of back exchange varied for the different pepsin digestion products. Therefore, in
correcting for back exchange the number of deuterons exchanged into each peptide was
corrected using the appropriate measured back exchange value for that specific peptide. The
numbers of deuterons associated with peptides for the unliganded protein and the protein
complexed to each ligand are shown in Table 2. Inspection of the values reveals one technical
difficulty associated with the experiments. In a few cases, for example peptide 085–101, more
deuteriums than theoretically possible are associated with the peptide in one of the species, the
unliganded protein. However, the signal to noise ratio for this particular peptide (see Figure 5,
line B.) rendered determination of the centroid difficult. This poor signal to noise ratio stems
from the necessity of working with relatively low protein concentrations to ensure that all
liganded species are predominantly monomeric. Fortunately, this problem was encountered
for only a few peptides.

The differences in exchange between the ligand-free and ligand-bound states of BirA, which
are shown Table 3, are relevant in analyzing the allosteric response using H-D exchange. As
indicated above, a conservative estimate of the reproducibility with which amounts of exchange
could be measured in our hands is ±0.5 deuteron. Thus, only differences greater than 0.5 in
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magnitude, which are highlighted in grey, were considered significant. In figure 6 the locations
of these differences in H-D exchange are mapped onto the 3-dimensional structure of BirA.
The ligand dependence of deuteration levels of each peptide highlighted on the structure are
shown in the bar graphs using the same color code. Consistent with the results of global
exchange, binding of any ligand affords a net protection of the backbone from exchange.
However, the magnitude of the protection observed for a particular peptide differs for each
ligand. Moreover, in all cases of protection from exchange the strongest effector, bio-5'-AMP,
provides the greatest protection from exchange. Even for peptides for which ligand binding
results in enhanced exchange, the amount of exchange is less in those derived from the bio-5'-
AMP-bound protein.

The regions of protection from H-D exchange extend throughout the 3-dimensional structure
of BirA. Again, because of the limited coverage of the central domain in the peptide
identification, few peptides in this region could be assessed for changes in exchange. Those
that exhibited changes show protection and are in the central β-sheet over which the ligand
binds. The level of protection in the 180–188 peptide is significantly greater for the bio-5'-
AMP bound protein. Peptide 136–148, which includes a region of the protein, loop 140–146,
that is directly involved in dimerization, becomes protected upon binding of any of the
adenylate derivatives. However, the exchange is slightly enhanced upon biotin binding.
Binding of the adenylated ligands results in protection of peptide segments in the N-terminal
domain from exchange. These include the entire wHTH motif. By contrast, no protection in
this region is afforded by biotin binding. The region of the protein that lies close to the interface
of the N-terminal and central domains, peptide 85–101, exhibits the largest magnitude of
protection in the entire protein. However, for biotin the protection is roughly half of what is
measured for any of the other effector ligands. Finally, the C-terminal domain exhibits
increased exchange for segments 279–287 and 300–321 (for three ligands), and decreased
exchange in segment 287–299.

Discussion
Allosteric activation of the biotin repressor by binding of bio-5'-AMP effects a 1000-fold
increase in the equilibrium association constant governing dimerization. Although x-ray
crystallographic structures have provided snapshots of the unliganded apo-monomer and two
liganded dimers (12–14) elucidation of the mechanism of allosteric activation requires
determination of the structural and/or dynamic changes that occur in the repressor monomer
in response to effector binding. The availability of four effectors that elicit a range of functional
responses in BirA (18) provides an opportunity to investigate the relationship of the
thermodynamic effect of a small ligand to the structural and dynamic changes induced upon
it’s binding. Results of the combined partial proteolysis and HDX-MS measurements reveal
that both local folding and global dampening of dynamics are significant for the allosteric
response in BirA.

Local folding of partially disordered loops in BirA is insufficient to elicit the maximal allosteric
response. One feature of the apoBirA structure is the four partially disordered loops consisting
of residues 110–128, 140–146, 193–199 and 212–223 (12). The first three loops are folded in
both the biotin-bound and adenylate-bound repressor structures and form part of the
dimerization interface (13,14). The 110–128 loop or biotin binding loop (BBL) organizes over
the biotin moiety in both structures and is, therefore, presumably folded in the liganded
monomer. Although studies of BirA mutants indicate that the BBL is important for dimerization
(15), thermodynamic measurements reveal that the biotin-induced folding of the BBL does not
contribute significantly to allosteric activation or repressor dimerization (Figure 2) (10). By
contrast, folding of the fourth loop or ABL around the adenine moiety of the adenylate
contributes significantly to the functional allosteric response. Replacements of single amino
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acid residues in the loop both disrupt folding and cause losses in free energy of allosteric
activation ranging from 1.0 to 1.5 kcal/mole (17). In this work proteolysis measurements were
performed on complexes of BirA bound to the four allosteric activators in order to determine
the extent of loop folding in the complexes. Previous results of combined binding
measurements using ITC and kinetic measurements of subtilisin-mediated proteolysis indicate
that the degree of protection from proteolysis agrees with the thermodynamic measure of loop-
induced folding (ΔCp°) (17). The protection, as judged by the rates of subtilisin-mediated
proteolysis, are the same for btnSA, btnOH-AMP and bio-5'-AMP, consistent with similar
extents of folding in all three complexes. By contrast, the coupling free energies at the levels
of dimerization are −1.0, −3.0 and −4.0 kcal/mole, respectively.

Hydrogen-deuterium exchange coupled to mass spectrometric detection was performed to
investigate the response of the entire protein to effector binding. Results of global
measurements of time courses of deuterium exchange into the protein reveal that binding of
any of the four ligands results in net protection of the protein backbone amides from exchange.
In order to localize the regions of protection pepsin digestion products of the exchanged protein
were analyzed by mass spectrometry to determine the average deuterium content. This analysis
is typically performed using either electrospray ionization or MALDI techniques (20,26).
Based on trials performed on BirA pepsin digestion products using the two techniques with
the available instruments, the MALDI method provided better coverage of the protein
sequence. The MALDI-ToF measurements were performed using a modification of previously
published methods (26). However, the ease with which BirA is cleaved by pepsin allowed for
a very short time between quenching of the exchange and mass spectrometric analysis. On
average there was a 3–4 minute interval between the quench and spectrum acquisition. The
speed with which the analysis was performed minimized the levels of back exchange to 9 to
50% with an average value of 33%. One of the challenges associated with analysis of this
particular system by HDX-MS is that in order to avoid significant contributions from the
liganded dimer to the species population exchange measurements were performed at a
relatively low total protein concentration of 2 μM. This low concentration compromised the
signal to noise ratio in the mass spectra and, in some cases, rendered challenging the
determination of average deuteration levels of peptides from the mass envelopes. In localizing
differences in H-D exchange to specific peptide segments it is customary to measure the
changes in rates of exchange (27). However, the concentration constraints in the biotin
repressor system made such kinetic measurements challenging. Consequently, in this work
only differences in the steady-state levels of deuterium incorporation into pepsin digestion
products were measured. Although this strategy precluded quantifying ligand-induced changes
in the stability of specific regions of the protein (27), it does allow mapping of differences in
solvent access to the protein backbone.

Mapping of ligand-induced changes in hydrogen-deuterium exchange indicates that segments
of the protein sequence throughout the repressor three-dimensional structure become, for the
most part, protected from H-D exchange when bound to the ligand. Even the very weak effector,
biotin, elicits net protection. The majority of these differences in H-D exchange observed for
the apo- and liganded BirA species likely reflect changes in dynamics. This conclusion is based
on the known structures of the protein. The major structural differences between the apo-
monomer and liganded monomer derived from the dimer structure are localized to the four
partially disordered loops observed in the structure of the apo-repressor (12–14). Overlay of
the apo-BirA and BirA.biotin monomer structures reveals root-mean-squared discrepancies
between α-carbon atoms for the entire protein of 1.26 Å. Thus, no dramatic changes in the
structures of regions outside of the loops occur upon ligand binding.

Several peptide segments of the repressor monomer that directly participate in dimerization
exhibit ligand-induced changes in H-D exchange. In the btnOH-AMP dimer regions of both
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the central and C-terminal domains form the intersubunit interface. The interface is, in part,
composed of an extended β-sheet formed by side-by-side antiparallel alignment of the central
β-sheets of the two individual monomers. The strand from each monomer that forms the
intermolecular contact in this extended sheet contains residues 182–192 (13,14). H-D exchange
measurements indicate that the peptide containing residues 180–188 is protected from
exchange upon binding of any of the four effectors and that the magnitude of protection
correlates with the magnitude of the functional response to ligand binding. In addition, peptide
136–148, which contains loop 140–146 that directly participates in dimerization (13–15),
becomes protected from exchange upon binding of btnSA, btnOH-AMP or bio-5'-AMP. By
contrast, biotin binding slightly enhances exchange in this region. HD exchange in the central
segment of the C-terminal domain, peptide 287–299, also decreases upon binding of all four
ligands. Segment 293–295 forms part of the dimerization interface in the structure of repressor
bound to btnOH-AMP (14). These changes in H-D exchange in segments that form part of the
dimerization interface indicate that, even in the repressor monomer, effector binding induces
rigidity that may facilitate dimerization.

Several regions of the repressor protein that are distal to both the dimerization interface and
the ligand binding site are altered in their H-D exchange levels in response to binding effectors.
For example, the peptide segment that undergoes the greatest ligand-associated protection from
H-D exchange extends from residue 85 to 101. Based on the values obtained for exchange into
peptide 95–101 (see Table 3), most of the protection in peptide 85–101 is associated with
residues 85–94. While this segment abuts the β-sheet that forms part of the dimerization
interface, it is distal to the edge of the sheet that forms part of the interface. Differences in
exchange are also observed in the N-terminal domain, which forms the DNA binding domain.
Finally, even the far C-terminus of the repressor structure exhibits ligand-linked changes in H-
D exchange. In this case binding of the three ligands biotin, btnSA or btnOH-AMP is associated
with increases in exchange. In general ligand binding to BirA results in decreases in H-D
exchange for the majority of the protein sequence that could be analyzed. These results are
consistent with ligand-induced global tightening of the protein structure.

The global tightening of the repressor structure upon allosteric effector binding is inconsistent
with previous interpretation of results of thermodynamic measurements. Isothermal titration
calorimetry measurements of binding of the four allosteric ligands to the BirA monomer
indicate a correlation between the magnitude of the allosteric response and the ligand binding
thermodynamics(28). Weak effectors bind with large favorable enthalpies that are opposed by
unfavorable entropies and strong effector binding is characterized by more modest favorable
enthalpy and modest favorable entropy. These data were originally interpreted as indicating
that in binding of the strong effectors some of the favorable enthalpy associated with bond
formation between ligand and protein is used to drive an enthalpically unfavorable structural
transition in the protein. If one focuses on the protein alone, the results of the HDX
measurements, which indicate a global tightening of the protein structure, the extent of which
correlates with effector strength, do not support this interpretation of the thermodynamic data.
Indeed, the increased tightening observed with the strong effectors should be accompanied by
an enthalpic gain and an entropic loss, neither of which are observed in the thermodynamic
data. One possibility is that the differences in the thermodynamic patterns of effector binding
reflect solvent reorganization that would not be detectable in the HDX measurements.

The combined structural, thermodynamic and hydrogen-deuterium exchange measurements
suggest a two-stage model for transducing the signal for effector binding throughout the biotin
repressor structure. Disorder-to-order transitions in loops localized to the binding site initiate
the signaling process. Other allosteric processes have been shown to utilize analogous localized
ordering (29). The H-D exchange measurements presented in this work indicate that the signal
is propagated from the binding site to effect global changes in repressor dynamics. Moreover,
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the magnitude of the dampening of dynamics tracks with the magnitude of the functional
change in the repressor induced by an allosteric activator. In mechanical models of allostery
signal transmission occurs through a pathway(s) in which alterations in bonding interactions
propagate from the effector binding site to the site of functional change in a macromolecule.
Recent studies indicate that allosteric signaling can also be entropically based (5,30,31). The
effector-induced changes hydrogen-deuterium exchange in BirA indicate that this system
provides another example of transmission of an allosteric response through alterations in
protein fluctuations.

Materials & Methods
Chemicals and Biochemicals

Deuterium oxide (D2O) 99.9%, Ultra grade trisodium citrate and disodium succinate, d-biotin
99%, trifluoroacetic acid (TFA) 99%, and immobilized pepsin-agarose from porcine gastric
mucosa were purchased from Sigma. HPLC grade acetonitrile (ACN) was obtained from
ThermoFisher Scientific. All other chemicals used in preparation of buffers were at least
reagent or analytical grade. E. coli biotin repressor, BirA, was overexpressed and purified as
previously described (18). Biotinoyl-5-adenosine monophosphate, bio-5-AMP, was
synthesized and purified as described by Abbott and Beckett (8,32). The analogs of bio-5'-
AMP, biotinol adenylate, btnOH-AMP and 5-O-[N-(biotinoyl sulfamoyl]-adenosine, btn-SA
were purchased from RNA-Tech (Leuven, Belgium) or synthesized as previously reported
(18).

Subtilisin-mediated Proteolysis Measurements
The pseudo-first order rates of subtilisin-catalyzed cleavage of BirA, apo- and ligand-bound,
were measured. Solutions of either BirA alone or with excess ligand were first prepared in
standard buffer (10 mM Tris-HCl (pH 7.50 ± 0.02 at 20.0 ± 0.1°C), 200 mM KCl, 2.5 mM
MgCl2) and equilibrated for 30 minutes at 20°C. Subtilisin was freshly diluted in Standard
Buffer and added to the BirA solution to obtain a final weight ratio of repressor:subtilisin of
33 to 50:1 and incubation was continued at 20°C. At 15 minute time intervals 10 μL aliquots
were removed from the reaction and proteolysis was stopped by additional of a 1 μL aliquot
of 100 mM PMSF freshly prepared in absolute ethanol. A 6 μL volume of Laemmli sample
buffer was added to each sample and the products were separated by electrophoresis in a 15%
SDS-polyacrylamide gel. Protein bands were visualized by staining with Coomassie Brilliant
Blue and the amount of intact BirA for each time point in the proteolytic digestion was
quantified by scanning the gel using a Molecular Dynamics Laser Scanning Personal
Densitometer (GE Healthcare). Control experiments have shown that high concentrations of
the ligands do not affect the catalytic activity of subtilisin (16). The rates of subtilisin-catalyzed
cleavage of BirA were obtained by relating the time-dependent decrease in the amount of intact
BirA to a pseudo-first order process. The apparent rates of proteolysis were estimated from
linear least-squares analysis using the following equation:

(1)

where [BirAOD]t and [BirAOD]t=0 are the integrated optical densities for the bands
corresponding to intact BirA at time t and the zero time point, respectively, t is time in minutes
and k is the rate or slope of the line.
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Global H/D Exchange Study on BirA with Small Ligands
Time courses of deuterium in-exchange to intact BirA in the absence and presence of ligands
were performed following the methods outlined by Hoofnagle et al. with the following changes
(19). The biotin repressor protein was dialyzed extensively against Standard Buffer (10 mM
Tris pH 7.50 ± 0.02 at 20.0 ± 0.1°C, 200 mM KCl, and 2.5mM MgCl2) and its concentration
was determined spectrophotometrically using a molar extinction coefficient of 47510
M−1cm−1 at 280 nm (33). Solutions of BirA, both with and without the ligands biotin, bio-5'-
AMP, btnOH-AMP, and btn-SA were prepared in Standard Buffer to give concentrations of
20 μM protein and 30 μM ligand. All solutions were equilibrated for 30 minutes at 20°C.

Individual deuterium in-exchange reactions were produced by diluting 2 μL of the protein
solution into a final volume of 20 μL with 20°C Standard Buffer made in D2O: 10mM Tris pD
7.50 ± 0.02 at 20.0 ± 0.1°C, 200 mM KCl, and 2.5 mM MgCl2 to yield final concentrations of
2μM protein and, in relevant samples, 3μM ligand. These protein and ligand concentrations
are sufficiently high to ensure saturation of the protein with ligand. Time points from 5 to 60
minutes in-exchange were taken as 20 μL aliquots at appropriate intervals from a master
reaction of 100 μL, prepared by combining 10 μL of the original protein solution, with or
without ligand, with 90 μL D2O Standard Buffer. All reactions were treated identically by
quenching with 18 μL of 0°C 25 mM sodium citrate, 25 mM sodium succinate, pH 2.4 resulting
in a final pH of 2.5, chilled on a dry ice/salt/ice bath for 10 seconds, desalted using an
equilibrated 0°C Zip Tip C18 pipette tip (Millipore) and eluted with 0°C ACN/0.1% TFA (7:3
v/v) in mQ H2O. Samples of unexchanged and exchanged protein were directly infused in an
ESI-TOF mass spectrometer to determine molecular weight.

Local H/D Exchange Measurements
Reactions for hydrogen-deuterium exchange followed by pepsin cleavage were performed
according to the methods described by Mandell et al. with the following changes (26). The
Standard Buffer used contained 10 mM Tris pH 7.50 ± 0.02 at 20.0 ± 0.1°C, 200 mM KCl,
and 2.5 mM MgCl2. Solutions of BirA, either as an apo (or unliganded) control, or with the
addition of the ligands biotin, bio-5-AMP, btnOH-AMP, or btn-SA at a molar ratio of 1:1.5
were equilibrated in Standard Buffer for 30 minutes at 20°C. Hydrogen-deuterium exchange
was initiated by the dilution of 2 μL of each of these solutions into a total volume of 20 μL
with Standard Buffer prepared in D2O: 10 mM Tris pD 7.50 ± 0.02 at 20.0 ± 0.1°C, 200 mM
KCl, and 2.5 mM MgCl2 to give 2μM BirA +/- 3μM ligand. A control reaction was similarly
diluted into Standard Buffer prepared in H2O and treated identically. In-exchange was allowed
to proceed for 60 minutes at 20°C. Immediately prior to use, agarose-immobilized pepsin for
each reaction was exchanged twice with 500 μL of 0°C mQ H2O and twice with 500 μL of 0°
C 0.1% TFA in mQ H2O and resuspended to 25 mg/mL w/v in 0°C 0.1% TFA in mQ H2O.
The pepsin-agarose in a 100 μL aliquot, containing 95 units of pepsin, was pelleted at 3000
rpm at −2°C for 30 seconds in an Eppendorf tube and excess liquid removed by careful
pipetting.

Following in-exchange, each reaction was chilled for 2 minutes on ice, quenched by the
addition of 80 μL of 0°C 0.1% TFA in mQ H2O, resulting in a final pH of 2.5, mixed, and
transferred to the drained pepsin-agarose aliquot on ice. Digestion reactions were briefly mixed
and allowed to incubate at 0°C for 30 seconds before being separated from the immobilized
pepsin using a pre-chilled Ultrafree MC centrifuge filter device (Millipore) and centrifugation
for 30 seconds at 3000 rpm at −2°C. The liquid flow through was desalted on ice using a 0°C
pre-equilibrated ZipTip C18 (Millipore) pipette tip and peptides were eluted from the tip with
1μL of 0°C pH 2.5 10 mg/mL α-cyano-4-hydroxycinnamic acid matrix solution in ACN/0.1%
TFA (7:3 v/v). Eluant was directly spotted onto the MALDI target plate, prechilled on a −20°
C freezer bag under vacuum in a dessicator. The vacuum was broken only to allow for spotting
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then immediately reapplied and the spots typically dried in less than 60 seconds. Thereafter,
the target was quickly transferred to the adjacent mass spectrometer to avoid condensation of
water on the plate. The average total time from quenching of the H/D exchange to transfer of
the plate to the mass spectrometer was 4:03±0:15 minutes.

Back-exchange Controls
Measurements of the fully exchanged controls were obtained following the method described
by Resing and Ahn (25). Reactions were set up identically to the unliganded, unexchanged
control reactions described above with the exception that digestion preceded the in-exchange
in deuterated buffer. Following digestion of 2μM BirA at 0°C pH 2.5 for 30 seconds with
pepsin, the immobilized pepsin was removed using a chilled Ultrafree MC centrifuge filter
device. The resulting peptides were desalted with a Zip Tip C18 pipette tip and eluted from the
tip with 10μL of ACN/0.1% TFA (7:3 v/v) into a 200μL thin wall thermal cycler tube. Peptides
were lyophilized and resuspended in 20μL of 10mM MOPS pD 8.00 ± 0.02, 200mM KCl,
2.5mM MgCl2, heated 90 minutes at 90°C in a PCR Sprint thermal cycler (Thermo) and chilled
on ice. The resulting 100% deuterium–exchanged peptides were desalted with a Zip Tip C18
pipette tip at 0°C, eluted with 1μL of 0°C pH 2.5 10 mg/mL α-cyano-4-hydroxycinnamic acid
matrix solution in ACN/0.1% TFA (7:3 v/v) and spotted directly onto the chilled MALDI target
plate. Spectra were acquired as described below.

Mass Spectrometry
Samples subjected to global H/D exchange were analyzed using an AccuTOF-CS ESI-TOF
mass spectrometer (JEOL, Tokyo, Japan). Samples were introduced into the mass spectrometer
by direct infusion and the instrument was externally calibrated with polypropylene glycol.
Mass spectra were recorded at m/z 250–2500.

Local H/D exchange studies were performed using an Axima-CFR Plus MALDI-TOF mass
spectrometer (Shimadzu Biotech, Columbia, MD). The instrument was equipped with a
nitrogen laser (λ=337 nm) and operated on reflectron mode. The matrix of choice was α-
cyano-4-hydroxycinnamic acid from Sigma (St. Louis, MO) and the sample for external
calibration was a PPG Standard from Applied Biosystems (Foster City, CA). MALDI mass
spectra were recorded at m/z 400–4400 and 500 profiles were averaged for every spectrum in
the HDX studies.

Identities of peptic peptides in the local HDX study were confirmed by MS/MS using a PE
Sciex API QSTAR Pulsar i Q-TOF mass spectrometer (Concord, ON) and an in-house version
of Mascot software (Matrix Science). Samples were introduced through an LC Packings
Ultimate nanoflow LC system (Abberdaan, the Netherlands) equipped with a C18 PepMap100
column (75 μm, 15 cm, 3 μm, 100 Å) and connected to a nano ionspray source (Protana, Odense,
Denmark) or by direct infusion into the ion spray source (PE Sciex).

Data Analysis
In analysis of the global exchange data the molecular weight of the protein was obtained from
deconvolution of the spectrum obtained for each time point using the MagTran 1.0 software
(34). The data were plotted as molecular weight versus time and subjected to nonlinear least
squares analysis using a triple exponential model (GraphPad Prism).

Spectra obtained from MALDI-ToF analysis of peptide digestion products of the protein that
had been subjected to hydrogen-deuterium exchange provide isotope peak envelopes for the
relevant peptides. The centroids of these envelopes, which were directly determined using a
tool in the Kratos Kompact MALDI software for Axima Instruments 2.3.4., provided the
masses of the peptides. These values were subjected to two corrections. The first correction
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accounted for the fact that exchange was performed in buffer that was 90%, not 100%, D2O.
The second correction, which took into account the back exchange that occurred between
quenching of the exchange and acquisition of the mass spectra, was performed using the
following equation:

(2)

where D is the corrected deuterium level in the peptide, m is the experimentally determined
mass of the peptide obtained as the centroid of the mass envelope, m0% is a centroid mass of
the undeuterated peptide, m100% is the experimentally determined centroid mass of the fully
deuterated peptide obtained as described above., and N is a total number of exchangeable amide
hydrogens in the peptide fragment (20). For the peptides in this work subjected to analysis for
HD exchange back exchange values ranged from 9–50%.
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Figure 1.
A. Assembly of the Biotin Operon Repression Complex occurs by coupled dimerization and
DNA binding. Binding of the effector, bio-5'-AMP, induces repressor dimerization, which is
a prerequisite to site-specific DNA binding to the biotin operator sequence. B. Model of the
apoBirA structure with the positions of the four partially disordered loops highlighted. The
models were created in MolMol (35) using PDB files 1hxd and 2ewn as input.
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Figure 2.
A. Chemical structure of four ligands that activate biotin repressor dimerization to different
extents. The figures were created in ChemDraw. B. Coupling free energies associated with
binding of the effectors to the biotin repressor. The coupling energies associated with
dimerization, ΔG°C, DIM, and total assembly of the repression complex, dimerization plus DNA
binding of the dimer, ΔG°C, TOT, are shown.
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Figure 3.
Time course of global exchange of deuterium into apoBirA and its complexes with the four
effectors shows protection from exchange. ApoBirA, □ BirA.biotin;x, BirA.btnSA, ▲,
BirA.btnOH-AMP; ■, BirA.bio-5'-AMP; ◆. The continuous lines are the best-fit curves
obtained from nonlinear least squares analysis of the data using a triple exponential model with
Prism GraphPad.
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Figure 4.
A. MALDI-ToF spectrum of products of pepsin digestion of unexchanged apo-BirA. The
spectrum was acquired as indicated in Materials and Methods. B. Sequences of peptic
fragments of BirA that could both be resolved in MALDI-ToF measurements and identified
by MS/MS analysis using the Q-ToF instrument.
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Figure 5.
Mass envelopes obtained for two peptic fragments of BirA, 1–10 and 88–101. A. ApoBirA no
H-D exchange, B-F: 60 minutes of deuterium in-exchange in the following conditions: B: No
ligand, C: biotin, D: btnSA, E: btnOH-AMP, F: bio-5'-AMP. Masses of each peptide were
obtained from the centroids of the mass envelope for each.
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Figure 6.
Summary of results of hydrogen-deuterium exchange mapped on the 3-dimensional structure
of BirA. The color-coded bar graphs show the difference in deuterium content relative to that
measured for the unliganded repressor for each of the relevant peptides. The model was created
in MolMol (35) using the input PDB file 2ewn.
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Table 1
Pseudo-first order rates of cleavage of the adenylate binding loop of apoBirA and its complexes with effector ligands.

Ligand rate (s−1)a

None 0.019±0.002

biotin 0.021±0.001

btnSA 0.0050±0.0004

btnOH-AMP 0.0042±0.0001

bio-5'-AMP 0.0038±0.0004
a
The reported values represent the average of at least three independent measurements of the cleavage rate and errors are the 68% confidence limits.
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Table 3
Differences in deuterium levels for peptides derived from liganded BirA relative to the unliganded protein.

ΔDeuterium

Peptide biotin btnSA btnOH bioAMP

001–010 +0.9 −0.4 0.0 −0.7

014–050 +1.5 −0.5 −1.4 −2.6

051–066 −0.2 −2.5 −2.9 −3.5

085–101 −6.2 −10.6 −10.4 −11.3

095–101 +0.5 −0.8 −0.3 −0.5

136–146 +0.5 −0.5 −0.7 −1.6

136–148 +0.8 −1.5 −1.0 −2.1

137–146 +0.4 0.0 −0.2 −0.9

178–188 −2.0 −2.6 −2.8 −3.5

180–188 −2.4 −2.8 −3.0 −3.2

201–209 +2.1 0.0 +0.9 0.0

242–248 −0.2 +0.2 +0.2 +0.2

243–252 −0.2 −0.7 −0.7 −0.9

253–265 +1.5 +0.7 +0.7 +0.4

266–278 0.0 −0.5 −0.3 −1.3

271–278 −0.7 −0.4 −0.4 −0.4

272–278 −0.5 −0.5 −0.5 −0.5

279–298 +0.5 −0.3 0.0 −1.3

279–299 +0.0 −0.9 −0.5 −1.7

287–299 −2.6 −3.1 −2.4 −3.1

300–313 +2.6 +0.9 +1.3 −0.7

300–316 +2.5 +1.0 +0.6 −0.6

300–321 +3.5 +1.7 +1.8 −0.3

Values were calculated by subtracting the value found for the peptide in the liganded protein from that found for that in the unliganded. Results for the
shaded peptides are shown in Fig. 6.
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