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Abstract: The ability of D-glucose/D-galactose-binding protein (GGBP) to reversibly interact with
its ligands, glucose and galactose, makes this protein an attractive candidate for sensing elements
of glucose biosensors. This potential is largely responsible for attracting researchers to study the
conformational properties of this protein. Previously, we showed that an increase in the fluorescence
intensity of the fluorescent dye 6-bromoacetyl-2-dimetylaminonaphtalene (BADAN) is linked to the
holo-form of the GGBP/H152C mutant in solutions containing sub-denaturing concentrations of
guanidine hydrochloride (GdnHCI). It was hypothesized that low GdnHCI concentrations might lead
to compaction of the protein, thereby facilitating ligand binding. In this work, we utilize BADAN
fluorescence spectroscopy, intrinsic protein UV fluorescence spectroscopy, and isothermal titration
calorimetry (ITC) to show that the sub-denaturing GdnHCI concentrations possess osmolyte-like
stabilizing effects on the structural dynamics, conformational stability, and functional activity of
GGBP/H152C and the wild type of this protein (WtGGBP). Our data are consistent with the model
where low GdnHCI concentrations promote a shift in the dynamic distribution of the protein
molecules toward a conformational ensemble enriched in molecules with a tighter structure and
a more closed conformation. This promotes the increase in the configurational complementarity
between the protein and glucose molecules that leads to the increase in glucose affinity in both
GGBP/H152C and wtGGBP.

Keywords: D-glucose/D-galactose-binding protein; guanidine hydrochloride; osmolyte-like stabilizing
effect; fluorescent label BADAN; protein conformers; protein function; conformational ensemble

1. Introduction

Interactions of proteins with low-molecular weight ligands are crucial for the functioning of living
systems. The most important biological processes, such as intracellular signaling, protein folding, catalysis,
and the regulation of gene activities are controlled by such interactions. The binding of ligands to proteins
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can be accompanied by significant changes in protein conformation, and induced fit and conformational
selection (population shift) models are often used for describing ligand—protein interaction. The induced
fit model was proposed by Koshland [1] and is based on the assumption that ligand binding to
protein induces conformational changes in a protein molecule. The conformational selection model
suggests the existence in apo-form of an ensemble of protein conformers with different ligand binding
affinities [2—4]. These conformers have comparable free energies [5], and ligands predominantly interact
with a conformer, whose active center is the most complementary to the structure of the ligand [6].
This ensures that such an interaction is the most advantageous thermodynamically. According to
this model, ligand binding to protein does not induce structural changes of the protein molecule, but
causes the redistribution of the ensemble of protein conformers in solution. This model is some kind of
‘resuscitation” of the classical ‘lock-and-key’ model proposed by Fischer [7] in 1894. In several studies,
the interaction of some proteins with their ligands was described by a mixed mechanism, including
elements of both conformational selection and induced fit models [8-10].

Periplasmic ligand-binding proteins (PBPs) are particularly interesting for studying functionally
important structural changes in a protein molecule, since the conformations of the apo- and holo-forms
of these proteins are typically rather different [11,12]. Proteins of this class are intermediary receptors
of ABC transport systems and participate in the active transport of small soluble molecules (such as
metal ions, amino acids, sugars, vitamins, and peptides) through cell membranes by hydrolysis of
ATP [13]. PBPs consist of two domains connected by a hinge region, with an active center located
within the cleft between the two domains [11]. The domains of these proteins can be considered as
separate structural units with different mobilities that significantly changes on complex formation
with ligands [14,15], and which have different relative locations in the apo- and holo-forms (open
and closed conformers) [16]. For describing complex formation of PBPs with their ligands, both
conformational selection and induced fit models are used. For example, the conformational selection
mechanism was suggested for D-glucose/D-galactose-binding protein (GGBP) [17-20], ferric-binding
protein (FBP) [21], and choline/acetylcholine substrate binding protein (ChoX) [22]. The induced fit
mechanism was proposed for the description of the molecular mechanisms of action of ribose-binding
protein (RBP) [18], glutamine-binding protein (GInBP) [23], and maltose-binding protein (MBP) [24].
Furthermore, elements of both models were used in the description of the complex formation by
L-lysine/L-arginine/L-ornithine-binding protein (LAO-BP) and MBP [25,26].

Similar to many other PBPs, GGBP consists of N- and C-terminal Rossmann fold domains linked
by a hinge region [27] (Figure 1).



Int. J. Mol. Sci. 2017, 18, 2008 3 0f 20

Figure 1. The 3D structure of D-glucose/D-galactose-binding protein (GGBP). Cartoon represents the
3D structure of GGBP constructed on the basis of X-ray data (PDB IDs: 2FW0 and 2FVY) [28]. N- and
C-terminal domains are given in cyan and gray, protein hinge region is given in red. Tryptophan residues,
Phel6, His152 (6-bromoacetyl-2-dimetylaminonaphtalene (BADAN) linked to position 152 when His is
changed to Cys) and glucose are shown in space-filling diagram in blue, light blue, green, and orange,
respectively. 6 is an angle between the vectors directed from the mass center of the hinge region (point 1)
to the mass centers of the C- and N-terminal domains (points 2 and 3). ¢ is a dihedral angle between
the planes formed by strait line passing through two endpoints of the hinge region and the mass centers
of the C- and N-terminal domains (points 2 and 3). Panel (A) represents structure of the apo-form of
GGBP, whereas Panel (B) shows structure of the holo-form of this protein.

The GGBP active center is located in the cleft between these domains and is formed by residues
Trp183 and Alal6, which, when stacked with sugar molecules, make the most dominant contribution
to the interaction of this protein with a ligand [29,30].

GGBP interaction with its ligands (glucose and galactose) is characterized by very high
affinities [18,31-34]. Hydrogen bonds between protein polar amino acid residues and sugar molecule
significantly contribute to the fixation of the ligand within the GGBP active center [28,29]. Recently,
the noticeable effect of water molecules on the specificity of glucose/galactose binding to GGBP was
also shown [35].

Initially, it was assumed that GGBP molecules could only exist in two structural forms:
open (without ligand or apo-form) and closed (with bounded ligand, or holo-form) [28,29,36].
Protein structures in open and closed forms differ by mutual arrangement of N- and C-terminal
domains (Figure 1) and are described by the hinge angle (6, the angle between the lines joining the
mass centers of domains and the mass center of a hinge region) and the twist angles (¢, the dihedral
angle formed by the hinge region of the protein and the half-planes passing through the mass centers of
domains) [28,37]. Based on the results of fluorescent analysis, Messina and Talaga [38] suggested that in
the absence of a ligand, a semi-closed, but not open, form of GGBP is dominant in the solution. In 2012,
NMR-based analysis revealed that a solution with a GGBP structure is characterized by extensive
segmental mobility, representing an ensemble of conformers, where the admissible values of angles
8 and ¢ for GGBP apo- and holo-forms were largely overlapped [18]. Furthermore, it was pointed
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out that the highly flexible apo-form of this protein is characterized by an intermediate conformation
that is structurally more related to the ligand-bound conformations, but transiently visits more open
conformations, thereby enabling the selection of the most favorable conformation upon carbohydrate
binding [18]. These data confirmed the early proposed model where the interaction of GGBP with
its ligand can be described within the frames of the conformational selection mechanism [17,19,20].
However, in 2016, based on the paramagnetic NMR and molecular dynamic data, Unione et al.
suggested a new model of the GGBP-glucose interaction, which combined elements of conformational
selection and induced fit mechanisms [39]. According to this model, in the absence of the ligand,
GGBP exists both in open and semi-closed conformations with an exchange rate of around 25 ns
(conformational selection mechanism) [39]. Glucose injection promotes a shift in the dynamic
conformational equilibrium from the open ligand-free form toward semi-closed conformations, which
interacts with the glucose-forming closed conformation (induced fit mechanism) [39]. In addition
to the significant fundamental value, these studies have indisputable practical value, since GGBP is
considered as a promising candidate for sensing the element of glucose biosensors [40-62].

Previously, we found that the sub-denaturing concentrations of a widely used chemical
denaturant, guanidine hydrochloride (GAnHCI), induced an increase in the fluorescence intensity of
the fluorescent dye 6-bromoacetyl-2-dimetylaminonaphtalene (BADAN) linked to the glucose-bound
form of the GGBP/H152C (which is a mutant protein form of GGBP with incorporated cysteine residue
for covalent linking to BADAN) [63]. We explained this effect by an increase in the rigidity of the
dye surround caused by the GGBP /H152C structure compaction [63] due to the so-called “stabilizing
effect of low GdnHCI concentrations” [64-74]. However, we recorded no increase in the fluorescence
intensity of BADAN linked to the GGBP/H152C apo-form [63]. The aim of the current work is to
clarify whether the low GdnHCI concentrations can affect the apo-form of GGBP, and to examine
whether the GdnHCI action on the GGBP structure can be regarded as a concentration-dependent
effect of a sort of osmolyte that stabilizes proteins at low concentrations but destabilizes the protein
structure at high concentrations [75].

2. Results and Discussion

GdnHCl is considered as one of the strongest denaturants, and in high concentrations can unfold
(almost) any protein. Therefore, it is commonly used in physiochemical studies of protein folding.
However, at low concentrations it has the quite opposite effect on protein structure, as was pointed out
in several studies [64-74].

In this work, we analyzed the effect of GAnHCl on the wtGGBP and its mutant form GGBP/H152C.
Earlier, we have shown that although four of five tryptophan residues (Trp127, Trp133, Trp183, and
Trp195) are located in the C-terminal domain of GGBP, and although only one tryptophan (Trp284) is
positioned within the N-terminal domain, the overall structural changes induced in this protein by
GdnHCI can be recorded by its intrinsic fluorescence [76,77] (Figure 2A). At the same time, although one
of the tryptophan residues (Trp183) is located within the glucose-binding center and is directly involved
in sugar binding (Figure 1), glucose binding has little effect on GGBP intrinsic fluorescence [78].
Interestingly, interaction with glucose has a stronger effect on the local environments of other Trps than
on the Trp183 environment [78]. However, the glucose binding can be easily assessed by changes in the
fluorescence of the fluorescent probe BADAN covalently linked at position 152 of the GGBP/H152C
mutant [47]. It turned out that the fluorescence of BADAN bound to this site is not only sensitive to the
glucose binding, but also varies in a complex manner under the influence of GAnHCI (Figure 2C,D).
Here, the fluorescence intensity of BADAN linked to the holo-form of GGBP/H152C first significantly
increases in the range of 0.0-0.2 M GdnHCI, then remains unchanged in the range of 0.2-1.0 M
GdnHCl, and finally dramatically decreases in the range of 1.0-1.5 M GdnHCl in parallel with the
protein unfolding. In the case of apo-form, both the BADAN fluorescence intensity and the intensity
of intrinsic fluorescence do not change at low GdnHCI concentrations (in the range of 0.0-0.2 M).
In the range of GAnHCl concentrations where, according to intrinsic fluorescence, the protein unfolds
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(0.2-1.0 M), BADAN fluorescence intensity first increases, then decreases, and reaches the levels of
BADAN fluorescence in the unfolded protein.
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Figure 2. GdnHCl-induced conformational changes of GGBP/H152C-BADAN. Structural changes
of protein apo-form (red curves and circles) and holo-form (blue curves and triangles) recorded by
intrinsic UV fluorescence (Panels A,B) and by BADAN fluorescence (Panels C,D) are represented.
The dependences of total intrinsic fluorescence intensity and total BADAN fluorescence intensity
on the guanidine hydrochloride (GAnHCI) concentrations are represented on panels (A,C). Intrinsic
fluorescence was excited at 297 nm, and BADAN fluorescence was excited at 387 nm. Shifts in
the intrinsic and BADAN fluorescence spectrum position induced by GdnHCI are presented by
parameters A and B (Panels B,D). Here A is a parameter for the intrinsic fluorescence spectrum position
(A = I3/ I365, where I35 and I345 are fluorescence intensities recorded at 320 and 365 nm, Aex =297 nm),
and B is a parameter for the BADAN fluorescence spectrum position (B = L4193/ 1587, I193 and I5g; are
fluorescence intensities of BADAN recorded at 498 and 587 nm, Aex = 387 nm).

In the GAnHCI concentration range from 0.0 to 1.0 M, the position of the BADAN fluorescence
spectrum, especially in the case of apo-form, changes significantly. In a solution of low GdnHCI
concentrations (0.0-0.2 M), neither the position of the intrinsic fluorescence spectrum of GGBP nor the
position of the spectrum of the BADAN changes. At the GAnHCI concentrations (0.2-1.0 M) where,
according to intrinsic fluorescence, proteins unfold (red shift of fluorescence spectrum position), the
red shift of the BADAN fluorescence spectrum is preceded by its significant blue shift. Therefore, the
dependence of the BADAN fluorescence spectrum position on the GAnHCI concentration (Figure 2D,
red curve) passes through the maximum for BADAN linked to the apo-form. However, there are no
significant changes in the fluorescence spectrum position of the BADAN linked to the protein in the
holo-form (Figure 2D, blue curve).

These data suggest that low GdnHCI concentrations (0.0-0.2 M) cause compaction of the protein,
which is manifested by an increase in the fluorescence intensity of BADAN linked to the holo-form.
However, the intensity of BADAN fluorescence linked to the apo-form does not change much at
similar conditions, since, in this case, the mobility of BADAN remains mostly unchanged. A significant
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increase in the compaction of GGBP/H152C induced by low GdnHCI concentration (0.1 M) was further
demonstrated by the acrylamide-induced quenching of protein intrinsic fluorescence (Figure 3).

Noticeable changes in the fluorescence characteristics of BADAN linked to the GGBP/H152C
apo-form are observed at higher GAnHCI concentrations (0.2-0.5 M). An increase in the fluorescence
intensity, and a blue shift in the fluorescence spectrum position, would seem to reflect an increase in
the rigidity of the BADAN microenvironment under these conditions. However, an increase in the
amplitude of the high-frequency oscillations of the BADAN linked to the GGBP/H152C (Table 1) does
not support this hypothesis.
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Figure 3. Acrylamide-induced quenching of intrinsic fluorescence of GGBP/H152C. Modified according
Equation (12), Stern-Volmer dependences of the GGBP/H152C fluorescence intensity on acrylamide
concentration in the solutions without denaturant (black curve) and in the presence of 0.1 M GdnHCl
(red curve). The excitation wavelength was 297 nm.

Apparently, the recorded changes in the fluorescence characteristics of BADAN linked to
GGBP/H152C in the presence of these concentrations of GAnHCI are due to the significant changes in
the solvation of the dye [79]. The absence of noticeable changes in the intensity and the position of the
BADAN fluorescence spectrum linked to the holo-form in this range of the GAnHCI concentrations
can be explained by the fact that, in this case, BADAN is already in a sufficiently rigid environment
and is largely protected from the solvent.

Table 1. The time-resolved characteristics of anisotropy fluorescence of BADAN linked to the
GGBP/H152C in solutions with the sub-denaturing GAnHCl concentrations *.

GGBP/H152C-BADAN Apo-Form

GdnHCI Concentration, M <t>, ns Tfast Tslow o 0 ** Degree Tfast, NS Tslows NS x2
0.0 1.3 0.08 0.16 0.24 29 0.3 34 0.87
0.1 14 0.08 0.19 0.27 28 0.4 30 0.99
0.5 2.7 0.14 0.14 0.28 38 0.3 30 1.08

GGBP/H152C-BADAN Holo-Form

GdnHCI Concentration, M <t>,ns Tfast Tslow 70 0 **, Degree Tfasts NS Tslow, NS x2
0.0 31 0.07 0.19 0.26 25 0.3 33 1.01
0.1 3.1 0.04 0.16 0.20 22 1.5 27 1.06
0.5 34 0.04 0.25 0.29 19 1.2 28 1.10

* The errors in calculated parameters of time-resolved anisotropy fluorescence lie within 5-10%. ** The mean
amplitude of the dye motions, 6, was calculated according to the Equation (11).

The increase in the rigidity of the microenvironment of BADAN linked to the holo-form was
confirmed by time domain experiments on fluorescence anisotropy. We recorded the fluorescence
decay curves of BADAN linked to the apo- and holo-form of the protein in planes parallel and
perpendicular to the plane of the exciting light. As an example, Figure 4 represents the measured
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decay curves measured for the parallel and perpendicular to the excitation light components of the
BADAN fluorescence linked to the protein apo-form in the absence of a denaturant, as well as the time
course of the calculated fluorescence anisotropy. It is obvious that the time dependence of fluorescence
anisotropy can be described by a bi-exponential decay, which may indicate the presence of both
fast and slow mobility of BADAN. The kinetic dependences of the BADAN fluorescence anisotropy
were measured for the apo-and holo-form GGBP/H152C in the absence and presence of GAnHCl at
concentrations of 0.1 and 0.5 M (Table 1).
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Figure 4. Time-resolved fluorescence anisotropy of BADAN linked to GGBP/H152C. The top
panel represents the experimental decay curves of parallel (red curve) and perpendicular (cyan
curve) components of the BADAN fluorescence; the instrument response function (blue curve) in

semi-logarithmic scale. The middle panel represents time-resolved anisotropy decay calculated according
to Equation (3) (dots) and the best fit (red curve); weighted residuals are shown at the bottom panel.

Anisotropy decay curves were approximated by bi-exponential functions. This allows the
separation of the ‘slow” and ‘fast’” BADAN motions and the calculation of the mean amplitude
of dye high frequency mobility, 8. It was shown that the intramolecular mobility of BADAN is
restricted by the complex formation of GGBP/H152C with glucose. Sufficient restriction of the dye
internal motion also was observed in solutions with GAnHCI sub-denaturing concentrations for
glucose-bound GGBP/H152C (Table 1). The most noticeable effect was found for the GGBP /H152C
holo-form in the solution of 0.5 M GdnHCI (Table 1). These data supported our hypothesis that the
increase in the fluorescence intensity of BADAN linked to the GGBP/H152C holo-form in solutions
with sub-denaturing GdnHCl concentrations is caused by the increase in the rigidity of the BADAN
local environment.
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It is known that protecting osmolytes contribute not only to the formation of a rigid globular
structure but also to the functional activity of the protein [80-87]. Therefore, we examined the
affinity of glucose to GGBP/H152C in solutions with sub-denaturing GdnHCI concentrations. It was
found that, in the presence of 0.1 M GdnHCI, the dissociation constant was significantly lower
(Ky =1.31 £ 0.05 uM) than that measured in the absence of denaturant (K; = 8.5 & 0.3 uM) (Figure 5).
This proves the idea that in solutions with sub-denaturing GAnHCI concentrations the affinity of
glucose to GGBP/H152C increases, due to the shift of the dynamic distribution of the GGBP/H152C
molecules in apo-form to molecules with more closed conformation and tighter structure.

w ~

Fl. intensity, a.u.
N

Figure 5. Dependence of the BADAN fluorescence intensity linked to GGBP/H152C on glucose
concentrations [Glc] in solution without denaturants (black curve) and in the presence of 0.1 M
GdnHCI (red curve). The excitation and emission wavelengths were 387 and 545 nm, respectively.

The greater affinity of GGBP to glucose in the presence of low GdnHCI concentrations was
also manifested by an increase in the binding rate of glucose to the protein in the presence of
0.1 M GdnHCI. It is known that, at high concentrations of one of the reactants, the reaction rate is
predominately determined by the content of the substance with a low concentration (pseudo-first order
conditions) [88-90]. Therefore, it can be expected that in solutions of high glucose concentration, the
rate of the GGBP /H152C-glucose complex formation will be determined by the content of molecules
with the semi-closed conformations in a protein ensemble. The kinetics of the glucose binding to
GGBP/H152C at the ligand excess conditions were studied by the stopped-flow technique in solutions
without denaturant and in the presence of sub-denaturing GdnHCI concentrations.

It is expected that the decay curves should contain at least two rate constants characterizing the
interconversion between the protein conformers in the absence of ligand and reflecting the glucose
binding to GGBP/H152C [88]. However, the exchange rate between different conformations of
GGBP apo-form is ~25 ns [39], which is substantially shorter than the dead-time of the stopped-flow
instrument. Therefore, in practice, the recorded curves are approximated by monoexponential decay.
This analysis revealed that the formation of the GGBP/H152C-glucose complex occurred somewhat
faster in solutions with the sub-denaturing GAnHCI concentrations (k = 508 s~! in 0.1 M GdnHCl)
in comparison with the complex formation in the absence of denaturants (k = 465 s~!) (Figure 6).
These data also confirmed the shift of the conformational ensemble of the GGBP /H152C apo-form to
molecules with more closed conformations and tighter structure induced by the GAnHCI addition at
the sub-denaturing concentrations.
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Figure 6. The kinetics of glucose binding to GGBP/H152C-BADAN in solutions without denaturants
(black curve) and in the presence of 0.1 MGdnHCI (red curve). The solid lines represent best fit of
data by exponential model. The circles represent the data array after logarithmic transformation of
experimental data. The excitation wavelength was 387 nm. Glucose concentration was 0.5 mM.

To show that the increase in glucose affinity to GGBP/H152C-BADAN in solutions with low
GdnHCI concentrations is not a result of the specific interaction of GAnHCI with BADAN or the
influence of the His152Cys amino acid replacement, the effects of low GdnHCI concentrations on the
affinity of glucose to the wtGGBP and GGBP/H152C were studied by label-free approaches. For this
purpose, we used isothermal titration calorimetry (ITC) (Figure 7), since this approach allows for the
determination of both the stoichiometric and thermodynamic binding parameters [91]. The results
of the ITC analysis generally corresponded to the data generated by the fluorescent-based analysis
of the GGBP/H152C-BADAN interaction with glucose in solutions with sub-denaturing GdnHCl
concentrations. The highest affinity of glucose to the GGBP/H152C and wtGGBP was observed in
solutions with the sub-denaturing GAnHCI concentrations (K; = 0.28 &= 0.06 pM for wtGGBP and K,
=2.29 + 0.08 uM for GGBP/H152C in 0.1 M GdnHCl) (Figure 7). The enthalpy contribution to the
Gibbs free energy change caused by the interaction of studied proteins with glucose was principal
in all solutions tested. This indicates the significant contribution of the hydrogen bonds between
protein and glucose to the protein-ligand complex formation, [91] which is in excellent agreement
with the X-ray structural data showing that the glucose binding to the GGBP active center is stabilized
by 13 hydrogen bonds [28,29]. The entropy of the considered systems of a protein interacting with
glucose was changed less in the solutions with the sub-denaturing GAnHCI concentrations than in the
solutions without denaturants. Therefore, the macrostate of the considered system (population of all
protein molecules) in the sub-denaturing GAnHCI concentrations is realized by a smaller number of
microstates (GGBP conformations) than in other studied solutions.

In other words, the distribution of the protein conformers of GGBP and GGBP/H152C interacting
with glucose is changed less in solutions with the sub-denaturing GAnHCI concentrations than in
other tested solutions. The stoichiometry of glucose binding to the wtGGBP and GGBP/H152C
is significantly less than unity, confirming the participation of proteins with only semi-closed
conformation in sugar binding [92]. According to Unione et al., about 30% of GGBP molecules
have semi-closed conformation when this protein exists in an apo-form [39]. It should be noted
that some difference in the parameters of glucose binding to GGBP/H152C obtained by BADAN
fluorescence spectroscopy and ITC are probably due to the steric effect of the dye on the interaction of
protein with glucose.
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Figure 7. Isothermal calorimetric titration (ITC) analysis of the wtGGBP and GGBP/H152C interaction
with glucose. ITC profiles for wtGGBP (left panel) and GGBP/H152C (right panel) in solution without
denaturants (black circles) and in the presence of 0.1 M GdnHCl (red circles) are shown. The curves
represent best fit of experimental data by the independent binding sites model. The glucose initial
concentrations were 0.25 mM (for wtGGBP) and 0.7 mM (for GGBP/H152C). The initial protein
concentrations were 0.035 mM.

Taken together, our findings conclude that GAnHCl in sub-denaturing concentrations promotes
the narrowing of the dynamic distribution of the molecules of the wtGGBP and GGBP/H152C in the
absence of glucose, shifting it to the molecules with a more closed conformation and a tighter structure.
This induces an increase in glucose affinity to a protein, as the structure of the protein active center in
a semi-closed conformation better complements the glucose structure than the structure of the protein
active center in an open conformation.

In 1996, Butler and Falke used disulfide trapping to show significant inhibition of the large
amplitude motions of GGBP, including the interdomain motions in solutions of some osmolytes [93].
It is known that the amplitude of the slow, large-scale mobility of proteins depends significantly
on backbone solvation [94]. The stabilizing/destabilizing effects of osmolytes on proteins is also
predominantly determined by protein solvation [95,96]. Considering GAnHCI as an osmolyte-like
concentration-dependent agent, it can be assumed that low GAnHCI concentrations induce significant
changes in the GGBP solvation. By analogy, with the effect of osmolytes on GGBP structural
dynamics [93], it can be also hypothesized that the protein large amplitude motions, including the
interdomain dynamics, are restricted in the solutions with low GdnHCI concentrations. Unione et al.
showed a high conformational mobility of GGBP in apo-form and a significant restriction of the
interdomain dynamics associated with the protein complex formation with glucose [39]. Therefore, it is
likely that the restriction of the GGBP large amplitude motions induced by low GdnHCI concentrations
could induce a shift from the more open ligand-free forms to a more closed conformation, and thereby
cause an increase in the glucose affinity to GGBP.

The results obtained in this study have not only fundamental but also practical significance.
As was already mentioned, PBPs are actively used in the development of the sensing elements of
biosensor systems for the detection of various analytes [13,40-62,97]. In order for the biosensor system
to continuously respond to changes in the concentration of the testing substance in an analyzed
medium, the dissociation constant of a sensing element-analyte complex should correspond to the
middle of the tested range of the analyte concentrations. In practice, the analyte concentration ranges
could significantly differ (sometimes by orders of magnitude) from the values of the dissociation
constant of the sensing element-analyte complex. The most popular method for solving this problem
is the creation of protein mutant forms (sensing elements) possessing a different affinity to the ligand.
Amino acid residues in a protein active center are usually chosen as mutagenesis targets. In the vast
majority of cases, the resulting mutant forms of ligand-binding proteins have poorer affinity to the
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ligand in comparison with wild type proteins. This may impair the selectivity of analyte-protein
binding and induce other problems [98]. However, the development of the proteinaceous sensing
elements of the biosensor systems based on the ligand-binding proteins often requires the generation
of PBP mutant forms with an increased/decreased affinity to the ligand in comparison with the
corresponding wild type proteins. To achieve this, the creation of the PBP mutant forms with amino
acid replacements in the hinge region was proposed, which are involved in the allosteric regulation of
the mutual arrangement of the protein domains [97,99-101].

In our opinion, the wider use of PBPs in the development of sensing elements of the biosensor
systems and in the drug design requires special means to control the conformation of ligand-binding
proteins without disrupting the structures of their active centers. This can be achieved based not only
on the currently utilized genetic engineering approaches, but also on a better understanding of how to
control protein interactivity through changes in solvent properties.

3. Materials and Methods

3.1. Materials

D-Glucose, guanidine hydrochloride, urea, tris(2-carboxyethylphosphine (TCEP), acrylamide
(Sigma, St. Louis, MO, USA), and fluorescent label BADAN (AnaSpec, Fremont, CA, USA) were used
without further purification. To determine the GAnHCI concentration, we relied on the measurement
of the refraction coefficient using the Abbe refractometer (LOMO, St. Petersburg, Russia).

E. coli strain K-12 (F*mgl503lacZlacY*recAl) carrying an mglB gene deletion [59,102] and
transformed with a pTz18u-mgIB vector was primarily used for obtaining the wtGGBP. Upon induction
with D-fructose [103], the expression efficiency of the GGBP protein was rather low: the recombinant
protein yield in this system did not exceed 5-8 mg/L of culture. Therefore, to increase the expression
levels, the nucleotide sequence of the mgIB gene was optimized and the gene was recloned into
a pET-11d plasmid with the T7 promoter (Stratagene, La Jolla, CA, USA) using the Nco I-BamH 1
and Bgl II restriction sites. Specific forward and reverse primers were used to insert new restriction
sites and a polyhistidine tag at the C-terminal of the gene. Site-directed mutagenesis was performed
with a Quik-Change mutagenesis kit (Stratagene, La Jolla, CA, USA) using primers encoded for the
corresponding amino acid substitutions. Plasmids were isolated from bacterial cells using plasmid
DNA isolation kits (Omnix, St. Petersburg, Russia). Primer purification was performed by either
reverse-phase chromatography or electrophoresis in a polyacrylamide gel.

pET-11d plasmids encoding for the wtGGBP and GGBP/H152C mutant were used to transform
E. coli BL21(DE3) cells. The expression of the proteins was then induced by adding 0.5 mM isopropyl-
beta-D-1-thiogalactopyranoside (IPTG; Nacalai Tesque, Kyoto, Japan). Bacterial cells were cultured
for 24 h at 37 °C. Recombinant proteins were purified using Ni**-agarose packed in His-GraviTrap
columns (GE Healthcare, Chicago, IL, USA). Protein purification was controlled using denaturing
SDS-electrophoresis in 15% polyacrylamide gel [104].

The labeling of GGBP/H152C with the fluorescent dye BADAN was performed as described
by Khan [49] with a slight modification. To label proteins with BADAN, a 100-fold excess of TCEP
was added in solution, and a 10-fold excess of dye was added to the obtained mixture. The resulting
reaction mixture was incubated overnight at 4 °C. The unbound dye was removed by filtration along

with an extensive dialysis against a sodium phosphate buffer.

The experiments were performed in protein solutions with concentration of 0.2 mg/mL. For the
formation of the protein-ligand complex, 0.05 tM-20mM of D-glucose was added to the protein
solution. All measurements were conducted in the sodium phosphate buffer, pH 7.4. All experiments
were performed at 23 °C.
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3.2. Methods

3.2.1. Steady-State Fluorescence Spectroscopy

The fluorescence experiments were carried out using a Cary Eclipse (Agilent, Santa Clara, CA,
USA) spectrofluorimeter. The measurements were made at 23 °C using 10 x 10 mm cells (Starna,
Atascadero, CA, USA, USA). The fluorescence intensity of BADAN and tryptophan residues was
corrected for the primary inner filter effect [105]:

FO()\ex) = F(Aex)/w (1)

where W is factor which corrects measured total fluorescence intensity for the so-called primary inner
filter effect, and F(A.y) is a total fluorescence intensity.

Because the fluorescence measurements were performed using the Cary Eclipse spectrofluorimeter
with horizontal slits, the value of correction factor W was calculated based on the following ratio:

(1-10"4x)

W:
Ay

@)
where Ay is the total absorbance of exciting light in the solution. Absorption spectra were registered
using a U-3900H (Hitachi, Tokyo, Japan) spectrophotometer. Earlier [105], it was shown that the
value of the total fluorescence intensity corrected in such a manner is proportional to the product
of the absorbance Af; to the quantum yield of fluorescence g, when one fluorescent substance is in
present solution.

The excitation wavelength for the intrinsic protein fluorescence was 297 nm, whereas the emission
wavelengths for detecting the intrinsic protein fluorescence ranged from 300 to 450 nm. The dye
fluorescence was excited at 387 nm. The emission wavelength for the BADAN fluorescence was ranged
from 400 to 650 nm.

Fluorescence anisotropy was determined as:

. y—ci) 5
(IV +2GI})

where I} and I}; are vertical and horizontal components of fluorescence intensity excited by vertical

polarized light, and G = I}//I g is the coefficient that determines the different sensitivity of the
registering system for the vertical and horizontal components of the fluorescence light.

The fluorescence intensity of the protein solution in the presence of ligand (assuming that there
are two forms of a protein in solution) can be determined by the following equation:

F(Co) = ap(Co)Fr + ap(Co)Fp (4)

where Fr and Fp are the protein fluorescence intensity in free state and in a ligand-bound form,
respectively, and ap(Cp) and ap(Cy) are the relative fractions of the corresponding protein states in the
solution at a concentration of added ligand Cy, ar(Cp) + ap(Cp) = 1. Thus, the fraction of bound protein

is determined as:
_F(C)-F G

== - _ 5
ap s —Fr C, (@)

where C, is the total protein concentration and Cy, is the concentration of protein bound to ligand.
The dissociation constant, K;, can be expressed as follows:

[receptor]-[ligand]  (Cp — Cp)-Cy
K; = = (6)
[complex] Cy
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where Cy is the concentration of the free ligand, which can be calculated from the equation:
Cp=Co—Cy )

Eliminating Cy from Equation (6), we can obtain the following expression for Cy:

(Kd + Cp + Co) — \/(Kd + Cp + C0)2 — 4CP-C0
Cp = > ®)

Combining Equations (5) and (8), the equation for the definition of K; can be derived using the
difference in fluorescence intensity of a protein in the presence or absence of glucose:

(Kd + Cp + Co) — \/(Kd + Cp + Co)z — 4CP-C0
2C,

F(Co) = Fr + (Fg — Fr): ©
The approximation of experimental data was performed via the nonlinear regression method
using the Sigma Plot program.

3.2.2. Time-Resolved Fluorescence Anisotropy Spectroscopy

Time-resolved fluorescence measurements were carried out by a time-correlated single-photon
counting approach using the Fluotime 300 (Pico Quant, Berlin, Germany) spectrometer with the Laser
Diode Head LDH-375 (Aex = 375 nm).

The fluorescence anisotropy decay was obtained using Equation (3) and recording Iy (t) and I};(t)
at magic angle conditions. The G coefficient for Fluotime 300 was calculated for every measurement and
was approximately equal to 1. The anisotropy decays were fit using the two component approximation:

2
r(t) = Zri-e*t/‘i’i (10)

where r; is the anisotropy of ith component, and ¢; is the rotation correlation time of the ith component.
According to this approximation, a decrease in the fluorescence anisotropy of BADAN linked
to GGBP/H152C represents a sum of “slow” and “fast” motions of this dye [106]. The “slow”
motion corresponds to the rotation of a protein as a whole with the rotation relaxation time
Tslow = 3 Psiow, Whereas the “fast” motion corresponds to the rotation of a dye with the rotation
relaxation time Ty = 3 ¢p5r. The anisotropy profiles allow the calculation of the mean amplitude of
the dye motions, 8, within the free oscillation model of a fluorophore in a discrete potential hole with
a width of 6 as follows [107,108]:

Tfast _ 4 cos? 8(1 + cos §)*
ro - 4

(11)

where rg = r(t = 0) = 745t + Tslow-

The convolution of the model exponential function with the instrument response function (IRF)
was compared to the experimental data until a satisfactory fit was obtained. The IRF was measured
using the cross correlation of the excitation and fundamental gate pulse. The FluoFit software
(Pico Quant, Berlin, Germany, version 4.6.6) was used for the analysis of the decay curves.

3.2.3. The Dynamic Quenching of the Intrinsic UV Fluorescence

The study of the dynamic quenching of the wild type GGBP intrinsic UV fluorescence by the low
molecular quencher acrylamide in solution without denaturants and in 0.1 M GdnHCl was carried
out for evaluating the accessibility of the protein tryptophan residues to solvent in these conditions.
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The protein intrinsic fluorescence was excited at 297 nm and the total intrinsic UV fluorescence (from
300 to 450 nm) was registered. It is worth mentioning that the acrylamide absorbs at the wavelength
of excitation 297 nm. Therefore, the recorded fluorescence intensity should be amended, relating to
changes in W with the increase of quencher concentration.

The quenching constants were obtained using the Stern-Volmer equation written for total
fluorescence intensity:

F(0) _ W(0)
FQ) ~ W(Q) (1+KsvQ) (12)

where F(0) is the total fluorescence in the absence of quencher, F(Q) is the total fluorescence in the
presence of quencher at a concentration Q, W(0) is the correction factor W in the absence of quencher,
W(Q) is the correction factor W in the presence of quencher, Kgy is Stern-Volmer constant, i.e., the
rate constant of fluorescence quenching due to collisions of quencher molecules with fluorophore
molecules in the excited state. Here it is accepted that Ar; (0) = Apr(Q).

3.2.4. Stopped-Flow Fluorescence Kinetic Experiments

The kinetics of glucose binding to GGBP/H152C-BADAN in a timeframe from 0 to 0.04 s was
measured using the MOS450spectrometerequipped with the stopped-flow mixing module SFM-4
(Bio-Logic, Seyssinet-Pariset, France). The excitation wavelength was 387 nm, the dye fluorescence
signal was filtered by cut-off filter at 405 nm. The PMT voltage was 900 V. In all experiments, an FC-15
cuvette with a path length of 1.5 mm was used; the total flow rate was 14 mL/s, and the dead time of
apparatus was 3 ms. The final concentrations after mixing were 0.6 pM for GGBP/H152C-BADAN
and 0.5 mM for glucose in a corresponding buffer (sodium phosphate buffer or 0.1 M GdnHCl in
sodium phosphate buffer). All the kinetic experiments were repeated 3040 times to decrease the ratio
of noise to useful signal. The temperature of the syringes, mixers, flow cell, and the connecting lines
was maintained constant at 23 °C with a circulating bath. The analysis of the kinetics data was carried
out by Bio-Kine software (Bio-Logic) according to the conformational selection model. This model
assumes that only the semi-closed apo-form of GGBP/H152C can interact with glucose:

k . ks
Ezkle +Le==EL (13)
2 4

where E is the GGBP/H152C open apo-form, E* is the GGBP/H152C semi-closed apo-form, L is the
glucose, and EL is the complex of GGBP /H152C with glucose. In this case, the observed kinetic curve
is characterized by a bi-exponential function with constants [89]:

ky+ki+ky+ k3[L] + \/(k4 + k3[L} —ky — k1)2 +4k2k3[u
kobsl,Z = 2 (14)

Assuming that [E*] << [L], the relation (14) takes the following forms [89]:

kobsl = k3 [L]

15
kosz = kl ( )

3.2.5. Isothermal Titration Calorimetry

The parameters of the binding of mutant GGBP/H152C and wtGGBP with glucose in buffer,
GdnHCI, and urea solutions were determined using the isothermal titration calorimeter TA Nano
ITC (TA Instruments, New Castle, DE, USA) at the Resource Center of the Thermogravimetric and
Calorimetric Research (Research Park of St. Petersburg State University). Protein concentration was
35 uM in the final sample volume of 1 mL. The reference cell was filled with corresponding buffer
(sodium phosphate buffer or 0.1 M GdnHCl in sodium phosphate buffer). Twenty injections (4.91 uL
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each) of 0.25 mM glucose for the wtGGBP and 0.7 mM glucose for GGBP/H152C in the corresponding
buffer were carried out during every experiment. The interval between injections was 300 s for
baseline stabilization. The stirring speed was constant and equal to 300 rpm. The results for the first
injection were discarded due to the diffusion in the tip of the syringe during baseline stabilization.
The titration of buffer by buffer was carried out for checking the thermostatic control of the cell and
syringe. It was established that during such titration, heat effects larger than noise levels were not
observed, confirming the temperature equality of titrant and analyte. The analysis of the ITC data was
performed by NanoAnalyse software (TA Instruments) using an independent binding model based on
the Wiseman isotherm [109-111]:

_ n[M],VoAH [X]; Ki X], K 24X,
Q=""% (”n[ML*n[Aﬁ]t \/(”n[MHn[Aﬁ]t) n[ML> (16)

where Q is the total heat content of solution, V| is the volume of calorimeter cell, AH is the change
of enthalpy of binding, n is the number of binding sites per macromolecule, K; is the dissociation
constant, and [X]; and [M]; are the total concentration of ligand and macromolecule in calorimeter cell,

which are equal to
[X]; = [X]0<1 - (1 - Vlo))
M), = Ml (1- (1- %)) (17)

where [X]yp and [M]y are the initial concentration of ligand and macromolecule, and v is the
injection volume.

4. Conclusions

In this study, we utilized BADAN fluorescence spectroscopy, intrinsic UV fluorescence
spectroscopy, and isothermal titration spectroscopy (ITC) to show that the sub-denaturing GdnHCI
concentrations affect the dynamic conformational equilibrium of the GGBP molecules. Namely, at the
sub-denaturing concentrations, GAnHCI promotes a shift in the dynamic distribution of protein
molecules toward the conformational ensemble-containing molecules with a tighter structure and
a more closed conformation. As glucose molecules have a higher affinity to more closed conformations
of GGBP, sub-denaturing GAnHCI concentrations also caused the enhancement of the GGBP activity.
Consequently, it can be concluded that low GdnHCI concentrations have an osmolyte-like stabilizing
effect on GGBP. Since the further increase in the GAnHCI concentration leads to protein denaturation
and unfolding, GAnHCI can be regarded (at least in relation to GGBP) as a concentration-dependent
protecting osmolyte.

Acknowledgments: The authors are thankful to Alexey Uversky for careful reading and editing of this manuscript.
The ITC experiments were carried out using the equipment of the Resource Center of Thermogravimetric and
Calorimetric Research (Research Park of St. Petersburg State University). This work was supported in part by
a grant from the Program of the Russian Academy of Sciences “Molecular and Cell Biology” (KKT) and the
Russian Federation President Fellowship SP-1725.2015.4 (AVEF).

Author Contributions: Alexander V. Fonin., Alexandra D. Golikova, Irina A. Zvereva, and Maria Staiano
collected and analyzed data and contributed to discussion Alexander V. Fonin, Irina M. Kuznetsova, and
Konstantin K. Turoverov conceived the idea and wrote the manuscript; Sabato D’Auria and Vladimir N. Uversky
contributed to discussion and reviewed/edited manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Koshland, D.E. Application of a theory of enzyme specificity to protein synthesis. Proc. Natl. Acad. Sci. USA
1958, 44, 98-104. [CrossRef] [PubMed]

2. Boehr, D.D.; Nussinov, R.; Wright, P.E. The role of dynamic conformational ensembles in biomolecular
recognition. Nat. Chem. Biol. 2009, 5, 789-796. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.44.2.98
http://www.ncbi.nlm.nih.gov/pubmed/16590179
http://dx.doi.org/10.1038/nchembio.232
http://www.ncbi.nlm.nih.gov/pubmed/19841628

Int. ]. Mol. Sci. 2017, 18, 2008 16 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Abaturov, L.V,; Varshavsky, YM. Equilibrium dynamics of the space structure of globular proteins.
Mol. Biol. (SSSR) 1976, 12, 36-42.

Varshavsky, Y.M. Conformational features of biopolymers. Mol. Biol. 1985, 19, 230-247.

Maity, A.; Majumdar, S.; Priya, P; De, P,; Saha, S.; Ghosh Dastidar, S. Adaptability in protein structures:
Structural dynamics and implications in ligand design. J. Biomol. Struct. Dyn. 2015, 33, 298-321. [CrossRef]
[PubMed]

Kumar, S.; Ma, B.; Tsai, C.J.; Sinha, N.; Nussinov, R. Folding and binding cascades: Dynamic landscapes and
population shifts. Protein Sci. 2000, 9, 10-19. [CrossRef] [PubMed]

Fischer, E. Einfluss der configuration auf die wirkung der enzyme. Ber. Dtsch. Chem. Ges. 1894, 27, 2985-2993.
[CrossRef]

Csermely, P.,; Palotai, R.; Nussinov, R. Induced fit, conformational selection and independent dynamic
segments: An extended view of binding events. Trends Biochem. Sci. 2010, 35, 539-546. [CrossRef] [PubMed]
Grant, B.J.; Gorfe, A.A.; McCammon, J.A. Large conformational changes in proteins: Signaling and other
functions. Curr. Opin. Struct. Biol. 2010, 20, 142-147. [CrossRef] [PubMed]

Hammes, G.G.; Chang, Y.C.; Oas, T.G. Conformational selection or induced fit: A flux description of reaction
mechanism. Proc. Natl. Acad. Sci. USA 2009, 106, 13737-13741. [CrossRef] [PubMed]

Fukami-Kobayashi, K.; Tateno, Y.; Nishikawa, K. Domain dislocation: A change of core structure in
periplasmic binding proteins in their evolutionary history. J. Mol. Biol. 1999, 286, 279-290. [CrossRef]
[PubMed]

Brautigam, C.A.; Deka, R.K,; Liu, W.Z.; Norgard, M.V. The Tp0684 (MglB-2) lipoprotein of Treponema
pallidum: A glucose-binding protein with divergent topology. PLoS ONE 2016, 11, e0161022. [CrossRef]
[PubMed]

Stepanenko, O.V.; Fonin, A.V.; Kuznetsova, LM.; Turoverov, K K. Ligand-binding proteins: Structure, stability
and practical application. Protein Struct. InTech Rijeka 2012, 265-290. [CrossRef]

Yesylevskyy, S.0.; Kharkyanen, V.N.; Demchenko, A.P. The change of protein intradomain mobility on ligand
binding: Is it a commonly observed phenomenon? Biophys. J. 2006, 91, 3002-3013. [CrossRef] [PubMed]
Yesylevskyy, S.O.; Kharkyanen, V.N.; Demchenko, A.P. Dynamic protein domains: Identification,
interdependence, and stability. Biophys. J. 2006, 91, 670—-685. [CrossRef] [PubMed]

Felder, C.B.; Graul, R.C.; Lee, A.Y.; Merkle, H.P; Sadee, W. The Venus flytrap of periplasmic binding proteins:
An ancient protein module present in multiple drug receptors. AAPS Pharm. Sci. 1999, 1, E2. [CrossRef]
Flocco, M.M.; Mowbray, S.L. The 1.9 A X-ray structure of a closed unliganded form of the periplasmic
glucose/galactose receptor from Salmonella typhimurium. J. Biol. Chem. 1994, 269, 8931-8936. [PubMed]
Ortega, G.; Castano, D.; Diercks, T.; Millet, O. Carbohydrate affinity for the glucose-galactose binding protein
is regulated by allosteric domain motions. J. Am. Chem. Soc. 2012, 134, 19869-19876. [CrossRef] [PubMed]
Luck, L.A.; Falke, J.J. ’F-NMR studies of the D-galactose chemosensory receptor. 1. Sugar binding yields
a global structural change. Biochemistry 1991, 30, 4248-4256. [CrossRef] [PubMed]

Careaga, C.L.; Sutherland, J.; Sabeti, J.; Falke, J.J. Large amplitude twisting motions of an interdomain
hinge: A disulfide trapping study of the galactose-glucose binding protein. Biochemistry 1995, 34, 3048-3055.
[CrossRef] [PubMed]

Atilgan, C.; Atilgan, A.R. Perturbation-response scanning reveals ligand entry-exit mechanisms of ferric
binding protein. PLoS Comput. Biol. 2009, 5, e1000544. [CrossRef] [PubMed]

Oswald, C.; Smits, S.H.; Hoing, M.; Sohn-Bosser, L.; Dupont, L.; Le Rudulier, D.; Schmitt, L.; Bremer, E.
Crystal structures of the choline/acetylcholine substrate-binding protein ChoX from Sinorhizobium meliloti
in the liganded and unliganded-closed states. . Biol. Chem. 2008, 283, 32848-32859. [CrossRef] [PubMed]
Bermejo, G.A.; Strub, M.P,; Ho, C.; Tjandra, N. Ligand-free open-closed transitions of periplasmic binding
proteins: The case of glutamine-binding protein. Biochemistry 2010, 49, 1893-1902. [CrossRef] [PubMed]
Kim, E.; Lee, S.; Jeon, A.; Choi, ].M.; Lee, H.S.; Hohng, S.; Kim, H.S. A single-molecule dissection of ligand
binding to a protein with intrinsic dynamics. Nat. Chem. Biol. 2013, 9, 313-318. [CrossRef] [PubMed]
Bucher, D.; Grant, B.J.; McCammon, J.A. Induced fit or conformational selection? The role of the semi-closed
state in the maltose binding protein. Biochemistry 2011, 50, 10530-10539. [CrossRef] [PubMed]

Silva, D.A.; Bowman, G.R.; Sosa-Peinado, A.; Huang, X. A role for both conformational selection and induced
fit in ligand binding by the LAO protein. PLoS Comput. Biol. 2011, 7, e1002054. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/07391102.2013.873002
http://www.ncbi.nlm.nih.gov/pubmed/24433438
http://dx.doi.org/10.1110/ps.9.1.10
http://www.ncbi.nlm.nih.gov/pubmed/10739242
http://dx.doi.org/10.1002/cber.18940270364
http://dx.doi.org/10.1016/j.tibs.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20541943
http://dx.doi.org/10.1016/j.sbi.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20060708
http://dx.doi.org/10.1073/pnas.0907195106
http://www.ncbi.nlm.nih.gov/pubmed/19666553
http://dx.doi.org/10.1006/jmbi.1998.2454
http://www.ncbi.nlm.nih.gov/pubmed/9931266
http://dx.doi.org/10.1371/journal.pone.0161022
http://www.ncbi.nlm.nih.gov/pubmed/27536942
http://dx.doi.org/10.5772/38013
http://dx.doi.org/10.1529/biophysj.106.087866
http://www.ncbi.nlm.nih.gov/pubmed/16877502
http://dx.doi.org/10.1529/biophysj.105.078584
http://www.ncbi.nlm.nih.gov/pubmed/16632509
http://dx.doi.org/10.1208/ps010202
http://www.ncbi.nlm.nih.gov/pubmed/8132630
http://dx.doi.org/10.1021/ja3092938
http://www.ncbi.nlm.nih.gov/pubmed/23148479
http://dx.doi.org/10.1021/bi00231a021
http://www.ncbi.nlm.nih.gov/pubmed/1850619
http://dx.doi.org/10.1021/bi00009a036
http://www.ncbi.nlm.nih.gov/pubmed/7893717
http://dx.doi.org/10.1371/journal.pcbi.1000544
http://www.ncbi.nlm.nih.gov/pubmed/19851447
http://dx.doi.org/10.1074/jbc.M806021200
http://www.ncbi.nlm.nih.gov/pubmed/18779321
http://dx.doi.org/10.1021/bi902045p
http://www.ncbi.nlm.nih.gov/pubmed/20141110
http://dx.doi.org/10.1038/nchembio.1213
http://www.ncbi.nlm.nih.gov/pubmed/23502425
http://dx.doi.org/10.1021/bi201481a
http://www.ncbi.nlm.nih.gov/pubmed/22050600
http://dx.doi.org/10.1371/journal.pcbi.1002054
http://www.ncbi.nlm.nih.gov/pubmed/21637799

Int. ]. Mol. Sci. 2017, 18, 2008 17 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Vyas, N.K.; Vyas, M.N.; Quiocho, EA. The 3 A resolution structure of a D-galactose-binding protein for
transport and chemotaxis in Escherichia coli. Proc. Natl. Acad. Sci. USA 1983, 80, 1792-1796. [CrossRef]
[PubMed]

Borrok, M.].; Kiessling, L.L.; Forest, K.T. Conformational changes of glucose/galactose-binding protein
illuminated by open, unliganded, and ultra-high-resolution ligand-bound structures. Protein Sci. 2007, 16,
1032-1041. [CrossRef] [PubMed]

Vyas, N.K.; Vyas, M.N.; Quiocho, FA. Sugar and signal-transducer binding sites of the Escherichia coli
galactose chemoreceptor protein. Science 1988, 242, 1290-1295. [CrossRef] [PubMed]

Aqvist, ].; Mowbray, S.L. Sugar recognition by a glucose/galactose receptor. Evaluation of binding energetics
from molecular dynamics simulations. . Biol. Chem. 1995, 270, 9978-9981. [PubMed]

Boos, W. The galactose binding protein and its relationship to the beta-methylgalactoside permease from
Escherichia coli. Eur. ]. Biochem. 1969, 10, 66-73. [CrossRef] [PubMed]

Hazelbauer, G.L.; Adler, ]J. Role of the galactose binding protein in chemotaxis of Escherichia coli toward
galactose. Nat. New Biol. 1971, 230, 101-104. [CrossRef] [PubMed]

Rotman, B.; Ellis, ].H., Jr. Antibody-mediated modification of the binding properties of a protein related to
galactose transport. J. Bacteriol. 1972, 111, 791-796. [PubMed]

Miller, D.M., III; Olson, J.S.; Quiocho, FA. The mechanism of sugar binding to the periplasmic receptor for
galactose chemotaxis and transport in Escherichia coli. ]. Biol. Chem. 1980, 255, 2465-2471. [PubMed]

Kim, M.; Cho, A.E. The role of water molecules in stereoselectivity of glucose/galactose-binding protein.
Sci. Rep. 2016, 6, 36807. [CrossRef] [PubMed]

Shilton, B.H.; Flocco, M.M.; Nilsson, M.; Mowbray, S.L. Conformational changes of three periplasmic
receptors for bacterial chemotaxis and transport: The maltose-, glucose/galactose- and ribose-binding
proteins. J. Mol. Biol. 1996, 264, 350-363. [CrossRef] [PubMed]

Ravindranathan, K.P,; Gallicchio, E.; Levy, R.M. Conformational equilibria and free energy profiles for the
allosteric transition of the ribose-binding protein. J. Mol. Biol. 2005, 353, 196-210. [CrossRef] [PubMed]
Messina, T.C.; Talaga, D.S. Protein free energy landscapes remodeled by ligand binding. Biophys. J. 2007, 93,
579-585. [CrossRef] [PubMed]

Unione, L.; Ortega, G.; Mallagaray, A.; Corzana, E; Perez-Castells, J.; Canales, A.; Jimenez-Barbero, J.;
Millet, O. Unraveling the Conformational landscape of ligand binding to glucose/galactose-binding protein
by paramagnetic NMR and MD simulations. ACS Chem. Biol. 2016, 11, 2149-2157. [CrossRef] [PubMed]
Amiss, T.J.; Sherman, D.B.; Nycz, C.M.; Andaluz, S.A.; Pitner, ].B. Engineering and rapid selection of a
low-affinity glucose/galactose-binding protein for a glucose biosensor. Protein Sci. 2007, 16, 2350-2359.
[CrossRef] [PubMed]

De Lorimier, R.M.; Smith, ].J.; Dwyer, M.A_; Looger, L.L.; Sali, KM.; Paavola, C.D.; Rizk, S.S.; Sadigov, S.;
Conrad, D.W.; Loew, L.; et al. Construction of a fluorescent biosensor family. Protein Sci. 2002, 11, 2655-2675.
[CrossRef] [PubMed]

Deuschle, K.; Okumoto, S.; Fehr, M.; Looger, L.L.; Kozhukh, L.; Frommer, W.B. Construction and optimization
of a family of genetically encoded metabolite sensors by semirational protein engineering. Protein Sci. 2005,
14, 2304-2314. [CrossRef] [PubMed]

Fehr, M.; Lalonde, S.; Lager, I.; Wolff, M.W.; Frommer, W.B. In vivo imaging of the dynamics of glucose
uptake in the cytosol of COS-7 cells by fluorescent nanosensors. J. Biol. Chem. 2003, 278, 19127-19133.
[CrossRef] [PubMed]

Ge, X.; Rao, G.; Tolosa, L. On the possibility of real-time monitoring of glucose in cell culture by microdialysis
using a fluorescent glucose binding protein sensor. Biotechnol. Prog. 2008, 24, 691-697. [CrossRef] [PubMed]
Ge, X,; Tolosa, L.; Rao, G. Dual-labeled glucose binding protein for ratiometric measurements of glucose.
Anal. Chem. 2004, 76, 1403-1410. [CrossRef] [PubMed]

Hsieh, H.V,; Pfeiffer, Z.A.; Amiss, T.J.; Sherman, D.B.; Pitner, J.B. Direct detection of glucose by surface
plasmon resonance with bacterial glucose/galactose-binding protein. Biosens. Bioelectron. 2004, 19, 653-660.
[CrossRef]

Khan, F; Gnudi, L.; Pickup, J.C. Fluorescence-based sensing of glucose using engineered
glucose/galactose-binding protein: A comparison of fluorescence resonance energy transfer and
environmentally sensitive dye labelling strategies. Biochem. Biophys. Res. Commun. 2008, 365, 102-106.
[CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.80.7.1792
http://www.ncbi.nlm.nih.gov/pubmed/6340108
http://dx.doi.org/10.1110/ps.062707807
http://www.ncbi.nlm.nih.gov/pubmed/17473016
http://dx.doi.org/10.1126/science.3057628
http://www.ncbi.nlm.nih.gov/pubmed/3057628
http://www.ncbi.nlm.nih.gov/pubmed/7730381
http://dx.doi.org/10.1111/j.1432-1033.1969.tb00656.x
http://www.ncbi.nlm.nih.gov/pubmed/4981309
http://dx.doi.org/10.1038/newbio230101a0
http://www.ncbi.nlm.nih.gov/pubmed/4927373
http://www.ncbi.nlm.nih.gov/pubmed/4559829
http://www.ncbi.nlm.nih.gov/pubmed/6987223
http://dx.doi.org/10.1038/srep36807
http://www.ncbi.nlm.nih.gov/pubmed/27827455
http://dx.doi.org/10.1006/jmbi.1996.0645
http://www.ncbi.nlm.nih.gov/pubmed/8951381
http://dx.doi.org/10.1016/j.jmb.2005.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16157349
http://dx.doi.org/10.1529/biophysj.107.103911
http://www.ncbi.nlm.nih.gov/pubmed/17483166
http://dx.doi.org/10.1021/acschembio.6b00148
http://www.ncbi.nlm.nih.gov/pubmed/27219646
http://dx.doi.org/10.1110/ps.073119507
http://www.ncbi.nlm.nih.gov/pubmed/17905834
http://dx.doi.org/10.1110/ps.021860
http://www.ncbi.nlm.nih.gov/pubmed/12381848
http://dx.doi.org/10.1110/ps.051508105
http://www.ncbi.nlm.nih.gov/pubmed/16131659
http://dx.doi.org/10.1074/jbc.M301333200
http://www.ncbi.nlm.nih.gov/pubmed/12649277
http://dx.doi.org/10.1021/bp070411k
http://www.ncbi.nlm.nih.gov/pubmed/18422364
http://dx.doi.org/10.1021/ac035063p
http://www.ncbi.nlm.nih.gov/pubmed/14987097
http://dx.doi.org/10.1016/S0956-5663(03)00271-9
http://dx.doi.org/10.1016/j.bbrc.2007.10.129
http://www.ncbi.nlm.nih.gov/pubmed/17976368

Int. ]. Mol. Sci. 2017, 18, 2008 18 of 20

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Khan, F; Pickup, J.C. Near-infrared fluorescence glucose sensing based on glucose/galactose-binding protein
coupled to 651-Blue Oxazine. Biochem. Biophys. Res. Commun. 2013, 438, 488-492. [CrossRef] [PubMed]
Khan, E; Saxl, TE.;, Pickup, J.C. Fluorescence intensity- and lifetime-based glucose sensing using
an engineered high-Kd mutant of glucose/galactose-binding protein. Anal. Biochem. 2010, 399, 39-43.
[CrossRef] [PubMed]

Marvin, J.S.; Hellinga, H.-W. Engineering biosensors by introducing fluorescent allosteric signal transducers:
Construction of a novel glucose sensor. J. Am. Chem. Soc. 1998, 120, 7-11. [CrossRef]

Sakaguchi-Mikami, A.; Taneoka, A.; Yamoto, R.; Ferri, S.; Sode, K. Engineering of ligand specificity of
periplasmic binding protein for glucose sensing. Biotechnol. Lett. 2008, 30, 1453-1460. [CrossRef] [PubMed]
Sakaguchi-Mikami, A.; Taniguchi, A.; Sode, K.; Yamazaki, T. Construction of a novel glucose-sensing
molecule based on a substrate-binding protein for intracellular sensing. Biotechnol. Bioeng. 2011, 108, 725-733.
[CrossRef] [PubMed]

Saxl, T.; Khan, F; Ferla, M.; Birch, D.; Pickup, J. A fluorescence lifetime-based fibre-optic glucose sensor
using glucose/galactose-binding protein. Analyst 2011, 136, 968-972. [CrossRef] [PubMed]

Saxl, T.; Khan, E; Matthews, D.R.; Zhi, ZL.; Rolinski, O.; Ameer-Beg, S.; Pickup, J. Fluorescence
lifetime spectroscopy and imaging of nano-engineered glucose sensor microcapsules based on
glucose/galactose-binding protein. Biosens. Bioelectron. 2009, 24, 3229-3234. [CrossRef] [PubMed]

Sokolov, I.; Subba-Rao, V.; Luck, L.A. Change in rigidity in the activated form of the glucose/galactose
receptor from Escherichia coli: A phenomenon that will be key to the development of biosensors. Biophys. .
2006, 90, 1055-1063. [CrossRef] [PubMed]

Thomas, J.; Sherman, D.B.; Amiss, T.J.; Andaluz, S.A.; Pitner, ].B. Synthesis and biosensor performance of a
near-IR thiol-reactive fluorophore based on benzothiazolium squaraine. Bioconjug. Chem. 2007, 18, 1841-1846.
[CrossRef] [PubMed]

Thomas, K.J.; Sherman, D.B.; Amiss, T)J.; Andaluz, S.A.; Pitner, ].B. A long-wavelength fluorescent
glucose biosensor based on bioconjugates of galactose/glucose binding protein and Nile Red derivatives.
Diabetes Technol. Ther. 2006, 8, 261-268. [CrossRef] [PubMed]

Tolosa, L. On the design of low-cost fluorescent protein biosensors. Adv. Biochem. Eng. Biotechnol. 2010, 116,
143-157.

Tolosa, L.; Gryczynski, I; Eichhorn, L.R.; Dattelbaum, J.D.; Castellano, EN.; Rao, G.; Lakowicz, ].R. Glucose
sensor for low-cost lifetime-based sensing using a genetically engineered protein. Anal. Biochem. 1999, 267,
114-120. [CrossRef] [PubMed]

Veetil, ].V,; Jin, S.; Ye, K. A glucose sensor protein for continuous glucose monitoring. Biosens. Bioelectron.
2010, 26, 1650-1655. [CrossRef] [PubMed]

Weidemaier, K.; Lastovich, A.; Keith, S.; Pitner, ].B.; Sistare, M.; Jacobson, R.; Kurisko, D. Multi-day
pre-clinical demonstration of glucose/galactose binding protein-based fiber optic sensor. Biosens. Bioelectron.
2011, 26, 4117-4123. [CrossRef] [PubMed]

Ye, K.; Schultz, ].S. Genetic engineering of an allosterically based glucose indicator protein for continuous
glucose monitoring by fluorescence resonance energy transfer. Anal. Chem. 2003, 75, 3451-3459. [CrossRef]
[PubMed]

Fonin, A.V,; Stepanenko, O.V.; Povarova, O.I; Volova, C.A. Philippova, EM.; Bublikov, G.S;
Kuznetsova, LM.; Demchenko, A.P; Turoverov, K.K. Spectral characteristics of the mutant form
GGBP/H152C of D-glucose/D-galactose-binding protein labeled with fluorescent dye BADAN: Influence of
external factors. Peer] 2014, 2, €275. [CrossRef] [PubMed]

Kuznetsova, I.M.; Stepanenko, O.V.; Turoverov, KK.; Zhu, L.; Zhou, ].M.; Fink, A.L.; Uversky, V.N.
Unraveling multistate unfolding of rabbit muscle creatine kinase. Biochim. Biophys. Acta 2002, 1596,
138-155. [CrossRef]

Povarova, O.1; Kuznetsova, I.M.; Turoverov, K.K. Differences in the pathways of proteins unfolding induced
by urea and guanidine hydrochloride: Molten globule state and aggregates. PLoS ONE 2010, 5, e15035.
[CrossRef] [PubMed]

Verkhusha, V.V,; Kuznetsova, .M.; Stepanenko, O.V.; Zaraisky, A.G.; Shavlovsky, M.M.; Turoverov, K.K.;
Uversky, V.N. High stability of Discosoma DsRed as compared to Aequorea EGFP. Biochemistry 2003, 42,
7879-7884. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bbrc.2013.07.111
http://www.ncbi.nlm.nih.gov/pubmed/23928160
http://dx.doi.org/10.1016/j.ab.2009.11.035
http://www.ncbi.nlm.nih.gov/pubmed/19961827
http://dx.doi.org/10.1021/ja972993f
http://dx.doi.org/10.1007/s10529-008-9712-7
http://www.ncbi.nlm.nih.gov/pubmed/18414800
http://dx.doi.org/10.1002/bit.23006
http://www.ncbi.nlm.nih.gov/pubmed/21404246
http://dx.doi.org/10.1039/C0AN00430H
http://www.ncbi.nlm.nih.gov/pubmed/21165474
http://dx.doi.org/10.1016/j.bios.2009.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19442507
http://dx.doi.org/10.1529/biophysj.105.060442
http://www.ncbi.nlm.nih.gov/pubmed/16284260
http://dx.doi.org/10.1021/bc700146r
http://www.ncbi.nlm.nih.gov/pubmed/17848078
http://dx.doi.org/10.1089/dia.2006.8.261
http://www.ncbi.nlm.nih.gov/pubmed/16800747
http://dx.doi.org/10.1006/abio.1998.2974
http://www.ncbi.nlm.nih.gov/pubmed/9918662
http://dx.doi.org/10.1016/j.bios.2010.08.052
http://www.ncbi.nlm.nih.gov/pubmed/20832277
http://dx.doi.org/10.1016/j.bios.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21549586
http://dx.doi.org/10.1021/ac034022q
http://www.ncbi.nlm.nih.gov/pubmed/14570197
http://dx.doi.org/10.7717/peerj.275
http://www.ncbi.nlm.nih.gov/pubmed/24711960
http://dx.doi.org/10.1016/S0167-4838(02)00212-1
http://dx.doi.org/10.1371/journal.pone.0015035
http://www.ncbi.nlm.nih.gov/pubmed/21152408
http://dx.doi.org/10.1021/bi034555t
http://www.ncbi.nlm.nih.gov/pubmed/12834339

Int. ]. Mol. Sci. 2017, 18, 2008 19 of 20

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Stepanenko, O.V.; Verkhusha, V.V,; Kazakov, V.I.; Shavlovsky, M.M.; Kuznetsova, I.M.; Uversky, V.N.;
Turoverov, K.K. Comparative studies on the structure and stability of fluorescent proteins EGFP, zFP506,
mRFP1, “dimer2”, and DsRed1. Biochemistry 2004, 43, 14913-14923. [CrossRef] [PubMed]

Stepanenko, O.V.; Verkhusha, V.V.; Shavlovsky, M.M.; Kuznetsova, I.M.; Uversky, V.N.; Turoverov, KK.
Understanding the role of Arg96 in structure and stability of green fluorescent protein. Proteins 2008, 73,
539-551. [CrossRef] [PubMed]

Kumar, R.; Bhuyan, A K. Entropic stabilization of myoglobin by subdenaturing concentrations of guanidine
hydrochloride. . Biol. Inorg. Chem. 2009, 14, 11-21. [CrossRef] [PubMed]

Mayr, L.M.; Schmid, EX. Stabilization of a protein by guanidinium chloride. Biochemistry 1993, 32, 7994-7998.
[CrossRef] [PubMed]

Rao, M.T,; Bhuyan, A K.; Venu, K; Sastry, V.S. Nonlinear effect of GAnHCI on hydration dynamics of proteins:
A 1H magnetic relaxation dispersion study. J. Phys. Chem. B 2009, 113, 6994-7002. [CrossRef] [PubMed]
Sen, P; Khan, M.M.; Equbal, A.; Ahmad, E.; Khan, R.H. At very low concentrations known chaotropes act
as kosmotropes for the N and B isoforms of human serum albumin. Biochem. Cell Biol. 2013, 91, 72-78.
[CrossRef] [PubMed]

Zarrine-Afsar, A.; Mittermaier, A.; Kay, L.E.; Davidson, A.R. Protein stabilization by specific binding of
guanidinium to a functional arginine-binding surface on an SH3 domain. Protein Sci. 2006, 15, 162-170.
[CrossRef] [PubMed]

Bhuyan, A K. Protein stabilization by urea and guanidine hydrochloride. Biochemistry 2002, 41, 13386-13394.
[CrossRef] [PubMed]

Singh, L.R.; Poddar, N.K,; Dar, T.A.; Kumar, R.; Ahmad, F. Protein and DNA destabilization by osmolytes:
The other side of the coin. Life Sci. 2011, 88, 117-125. [CrossRef] [PubMed]

Stepanenko, O.V.; Povarova, O.I.; Fonin, A.V.; Kuznetsova, I.M.; Turoverov, K.K.; Staiano, M.; Varriale, A.;
D’Auria, S. New insight into protein-ligand interactions. The case of the D-galactose/D-glucose-binding
protein from Escherichia coli. J. Phys. Chem. B 2011, 115, 2765-2773. [CrossRef] [PubMed]

Stepanenko, O.V.; Fonin, A.V.; Morozova, K.S.; Verkhusha, V.V.; Kuznetsova, .M.; Turoverov, K K.; Staiano, M.;
D’Auria, S. New insight in protein-ligand interactions. 2. Stability and properties of two mutant forms of the
D-galactose/D-glucose-binding protein from E. coli. |. Phys. Chem. B 2011, 115, 9022-9032. [CrossRef] [PubMed]
Stepanenko, O.V.; Fonin, A.V.,; Stepanenko, O.V.; Staiano, M.; D’Auria, S.; Kuznetsova, I.M.; Turoverov, K.K.
Tryptophan residue of the D-galactose/D-glucose-binding protein from E. Coli localized in its active center
does not contribute to the change in intrinsic fluorescence upon glucose binding. J. Fluoresc. 2015, 25, 87-94.
[CrossRef] [PubMed]

Fonin, A.V.; Kuznetsova, I.M.; Turoverov, K.K. Spectral properties of BADAN in solutions with different
polarities. J. Mol. Struct. 2015, 1090, 107-111. [CrossRef]

Fonin, A.V,; Uversky, V.N.; Kuznetsova, LM.; Turoverov, K.K. Protein folding and stability in the presence of
osmolytes. Biofizika 2016, 61, 222-230. [CrossRef] [PubMed]

Yancey, PH. Organic osmolytes as compatible, metabolic and counteracting cytoprotectants in high
osmolarity and other stresses. J. Exp. Biol. 2005, 208, 2819-2830. [CrossRef] [PubMed]

Chebotareva, N.A.; Kurganov, B.I; Harding, S.E.; Winzor, D.]. Effect of osmolytes on the interaction of flavin
adenine dinucleotide with muscle glycogen phosphorylase b. Biophys. Chem. 2005, 113, 61-66. [CrossRef]
[PubMed]

Ignatova, Z.; Gierasch, L.M. Effects of osmolytes on protein folding and aggregation in cells. Methods Enzymol.
2007, 428, 355-372. [PubMed]

Flores Jimenez, R.H.; Do Cao, M.A_; Kim, M.; Cafiso, D.S. Osmolytes modulate conformational exchange in
solvent-exposed regions of membrane proteins. Protein Sci. 2010, 19, 269-278. [CrossRef] [PubMed]

Jain, R.; Sharma, D.; Kumar, S.; Kumar, R. Factor defining the effects of glycine betaine on the thermodynamic
stability and internal dynamics of horse cytochrome C. Biochemistry 2014, 53, 5221-5235. [CrossRef] [PubMed]
Street, T.O.; Krukenberg, K.A.; Rosgen, J.; Bolen, D.W.; Agard, D.A. Osmolyte-induced conformational
changes in the Hsp90 molecular chaperone. Protein Sci. 2010, 19, 57-65. [CrossRef] [PubMed]

Cioni, P; Bramanti, E.; Strambini, G.B. Effects of sucrose on the internal dynamics of azurin. Biophys. J. 2005,
88, 4213-4222. [CrossRef] [PubMed]

Gianni, S.; Dogan, J.; Jemth, P. Distinguishing induced fit from conformational selection. Biophys. Chem. 2014,
189, 33-39. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/bi048725t
http://www.ncbi.nlm.nih.gov/pubmed/15554698
http://dx.doi.org/10.1002/prot.22089
http://www.ncbi.nlm.nih.gov/pubmed/18470931
http://dx.doi.org/10.1007/s00775-008-0420-5
http://www.ncbi.nlm.nih.gov/pubmed/18752006
http://dx.doi.org/10.1021/bi00082a021
http://www.ncbi.nlm.nih.gov/pubmed/8347603
http://dx.doi.org/10.1021/jp8114836
http://www.ncbi.nlm.nih.gov/pubmed/19388636
http://dx.doi.org/10.1139/bcb-2012-0035
http://www.ncbi.nlm.nih.gov/pubmed/23527635
http://dx.doi.org/10.1110/ps.051829106
http://www.ncbi.nlm.nih.gov/pubmed/16373478
http://dx.doi.org/10.1021/bi020371n
http://www.ncbi.nlm.nih.gov/pubmed/12416983
http://dx.doi.org/10.1016/j.lfs.2010.10.020
http://www.ncbi.nlm.nih.gov/pubmed/21047521
http://dx.doi.org/10.1021/jp1095486
http://www.ncbi.nlm.nih.gov/pubmed/21332109
http://dx.doi.org/10.1021/jp204555h
http://www.ncbi.nlm.nih.gov/pubmed/21671572
http://dx.doi.org/10.1007/s10895-014-1483-z
http://www.ncbi.nlm.nih.gov/pubmed/25501855
http://dx.doi.org/10.1016/j.molstruc.2015.01.038
http://dx.doi.org/10.1134/S0006350916020056
http://www.ncbi.nlm.nih.gov/pubmed/27192822
http://dx.doi.org/10.1242/jeb.01730
http://www.ncbi.nlm.nih.gov/pubmed/16043587
http://dx.doi.org/10.1016/j.bpc.2004.07.040
http://www.ncbi.nlm.nih.gov/pubmed/15617811
http://www.ncbi.nlm.nih.gov/pubmed/17875429
http://dx.doi.org/10.1002/pro.305
http://www.ncbi.nlm.nih.gov/pubmed/20014029
http://dx.doi.org/10.1021/bi500356c
http://www.ncbi.nlm.nih.gov/pubmed/25077371
http://dx.doi.org/10.1002/pro.282
http://www.ncbi.nlm.nih.gov/pubmed/19890989
http://dx.doi.org/10.1529/biophysj.105.060517
http://www.ncbi.nlm.nih.gov/pubmed/15792978
http://dx.doi.org/10.1016/j.bpc.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24747333

Int. ]. Mol. Sci. 2017, 18, 2008 20 of 20

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

Vogt, A.D.; Di Cera, E. Conformational selection or induced fit? A critical appraisal of the kinetic mechanism.
Biochemistry 2012, 51, 5894-5902. [CrossRef] [PubMed]

Vogt, A.D.; Pozzi, N.; Chen, Z.; Di Cera, E. Essential role of conformational selection in ligand binding.
Biophys. Chem. 2014, 186, 13-21. [CrossRef] [PubMed]

Olsson, T.S.; Williams, M. A ; Pitt, W.R.; Ladbury, J.E. The thermodynamics of protein-ligand interaction and
solvation: Insights for ligand design. J. Mol. Biol. 2008, 384, 1002-1017. [CrossRef] [PubMed]
Velazquez-Campoy, A.; Freire, E. Isothermal titration calorimetry to determine association constants for
high-affinity ligands. Nat. Protoc. 2006, 1, 186-191. [CrossRef] [PubMed]

Butler, S.L.; Falke, ].]J. Effects of protein stabilizing agents on thermal backbone motions: A disulfide trapping
study. Biochemistry 1996, 35, 10595-10600. [CrossRef] [PubMed]

Bellissent-Funel, M.C.; Hassanali, A.; Havenith, M.; Henchman, R.; Pohl, P.; Sterpone, F.; van der Spoel, D.;
Xu, Y.; Garcia, A.E. Water determines the structure and dynamics of proteins. Chem. Rev. 2016, 116, 7673-7697.
[CrossRef] [PubMed]

Timasheff, S.N. Protein-solvent preferential interactions, protein hydration, and the modulation of
biochemical reactions by solvent components. Proc. Natl. Acad. Sci. USA 2002, 99, 9721-9726. [CrossRef]
[PubMed]

Kendrick, B.S.; Chang, B.S.; Arakawa, T.; Peterson, B.; Randolph, T.W.; Manning, M.C.; Carpenter, J.F.
Preferential exclusion of sucrose from recombinant interleukin-1 receptor antagonist: Role in restricted
conformational mobility and compaction of native state. Proc. Natl. Acad. Sci. USA 1997, 94, 11917-11922.
[CrossRef] [PubMed]

Dwyer, M.A.; Hellinga, H.W. Periplasmic binding proteins: A versatile superfamily for protein engineering.
Curr. Opin. Struct. Biol. 2004, 14, 495-504. [CrossRef] [PubMed]

Schreier, B.; Stumpp, C.; Wiesner, S.; Hocker, B. Computational design of ligand binding is not a solved
problem. Proc. Natl. Acad. Sci. USA 2009, 106, 18491-18496. [CrossRef] [PubMed]

Mizoue, L.S.; Chazin, W]. Engineering and design of ligand-induced conformational change in proteins.
Curr. Opin. Struct. Biol. 2002, 12, 459-463. [CrossRef]

Telmer, P.G.; Shilton, B.H. Insights into the conformational equilibria of maltose-binding protein by analysis
of high affinity mutants. J. Biol. Chem. 2003, 278, 34555-34567. [CrossRef] [PubMed]

Walker, .LH.; Hsieh, P.C.; Riggs, P.D. Mutations in maltose-binding protein that alter affinity and solubility
properties. Appl. Microbiol. Biotechnol. 2010, 88, 187-197. [CrossRef] [PubMed]

Harayama, S.; Bollinger, J.; Iino, T.; Hazelbauer, G.L. Characterization of the mgl operon of Escherichia coli by
transposon mutagenesis and molecular cloning. J. Bacteriol. 1983, 153, 408—415. [PubMed]

Rotman, B.; Ganesan, A K.; Guzman, R. Transport systems for galactose and galactosides in Escherichia coli.
II. Substrate and inducer specificities. . Mol. Biol. 1968, 36, 247-260. [CrossRef]

Laemmli, UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680-685. [CrossRef] [PubMed]

Fonin, A.V,; Sulatskaya, A.L; Kuznetsova, I.M.; Turoverov, K.K. Fluorescence of dyes in solutions with high
absorbance. Inner filter effect correction. PLoS ONE 2014, 9, e103878. [CrossRef] [PubMed]

Lakowicz, ].R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: New York, NY, USA, 2006; p. 954.
Anufrieva, Y.V,; Gotlib, Y.Y.; Krakovyak, M.G.; Pautov, V.D. Polarized luminescence as used for analyses of
high frequency twisting vibrations in macromolecules. Polym. Sci. USSR 1976, 18, 3132-3141. [CrossRef]
Tcherkasskaya, O.; Ptitsyn, O.B.; Knutson, J.R. Nanosecond dynamics of tryptophans in different
conformational states of apomyoglobin proteins. Biochemistry 2000, 39, 1879-1889. [CrossRef] [PubMed]
Freire, E.; Mayorga, O.L.; Straume, M. Isothermal titration calorimetry. Anal. Chem. 1990, 62, 950A-959A.
[CrossRef]

Brown, A. Analysis of cooperativity by isothermal titration calorimetry. Int. J. Mol. Sci. 2009, 10, 3457-3477.
[CrossRef] [PubMed]

Wiseman, T.; Williston, S.; Brandts, J.F.; Lin, L.N. Rapid measurement of binding constants and heats of
binding using a new titration calorimeter. Anal. Biochem. 1989, 179, 131-137. [CrossRef]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/bi3006913
http://www.ncbi.nlm.nih.gov/pubmed/22775458
http://dx.doi.org/10.1016/j.bpc.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24113284
http://dx.doi.org/10.1016/j.jmb.2008.09.073
http://www.ncbi.nlm.nih.gov/pubmed/18930735
http://dx.doi.org/10.1038/nprot.2006.28
http://www.ncbi.nlm.nih.gov/pubmed/17406231
http://dx.doi.org/10.1021/bi961107v
http://www.ncbi.nlm.nih.gov/pubmed/8718847
http://dx.doi.org/10.1021/acs.chemrev.5b00664
http://www.ncbi.nlm.nih.gov/pubmed/27186992
http://dx.doi.org/10.1073/pnas.122225399
http://www.ncbi.nlm.nih.gov/pubmed/12097640
http://dx.doi.org/10.1073/pnas.94.22.11917
http://www.ncbi.nlm.nih.gov/pubmed/9342337
http://dx.doi.org/10.1016/j.sbi.2004.07.004
http://www.ncbi.nlm.nih.gov/pubmed/15313245
http://dx.doi.org/10.1073/pnas.0907950106
http://www.ncbi.nlm.nih.gov/pubmed/19833875
http://dx.doi.org/10.1016/S0959-440X(02)00348-2
http://dx.doi.org/10.1074/jbc.M301004200
http://www.ncbi.nlm.nih.gov/pubmed/12794084
http://dx.doi.org/10.1007/s00253-010-2696-y
http://www.ncbi.nlm.nih.gov/pubmed/20535468
http://www.ncbi.nlm.nih.gov/pubmed/6294056
http://dx.doi.org/10.1016/0022-2836(68)90379-3
http://dx.doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://dx.doi.org/10.1371/journal.pone.0103878
http://www.ncbi.nlm.nih.gov/pubmed/25072376
http://dx.doi.org/10.1016/0032-3950(76)90427-5
http://dx.doi.org/10.1021/bi992117+
http://www.ncbi.nlm.nih.gov/pubmed/10677239
http://dx.doi.org/10.1021/ac00217a002
http://dx.doi.org/10.3390/ijms10083457
http://www.ncbi.nlm.nih.gov/pubmed/20111687
http://dx.doi.org/10.1016/0003-2697(89)90213-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Methods 
	Steady-State Fluorescence Spectroscopy 
	Time-Resolved Fluorescence Anisotropy Spectroscopy 
	The Dynamic Quenching of the Intrinsic UV Fluorescence 
	Stopped-Flow Fluorescence Kinetic Experiments 
	Isothermal Titration Calorimetry 


	Conclusions 

