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’ INTRODUCTION

Millions of people are affected by diabetes mellitus. Prolonged
excessive blood sugar levels in patients with diabetes can lead to
the development of blindness, nephritic insufficiency, diseases of
the cardiovascular and nervous system, and the occurrence of
inborn defects.1,2 Frequent and life long control of blood sugar
levels is required to prevent dangerous consequences of this
disease. Monitoring of blood glucose is also necessary to avoid
the excessive consumption of medication and, the risk of insulin
shock, which can lead to coma and even death.3,4

The general method for measuring blood sugar in diabetic
patients is regular blood sampling from the finger of the patient.5

This procedure is painful, and the majority of patients try to
reduce the number of the blood samplings. Thus development of
noninvasive methods for continuous glucose monitoring would
be highly desirable. However, the problem of creating commer-
cially favorable andminimally or noninvasive devices for accurate
persistent glucose monitoring that are comparable with the
currently available invasive methods has not yet been solved.6�8

An analysis of sugar concentrations in humans can be performed
by glucose measurements not only from blood, but also from
intercellular liquids, tears, urine, oral and optical mucous mem-
branes, cornea, and ear-drums.1,4

One of the most promising directions for persistent glucose
monitoring is the design and development of biosensor systems
in which glucose specifically binds to proteins acting as the
sensitive element. The D-galactose/D-glucose-binding protein
(GGBP) from E. coli appears to be a good candidate for such a
sensitive element as the interaction between GGBP and glucose
results in a substantial conformational reorganization of the
tertiary structure of the protein.8,9 GGBP belongs to a class of
the periplasmic ligand-binding proteins which activate the high-
affinity transport of a large number of compounds (for example,
carbohydrates, amino acids, anions, metal ions, dipeptides and
oligo-peptides), promote chemo-taxis toward different sub-
stances, and are in some cases involved in bacteria quorum
sensing.10,11 The GGBP is 32 kDa protein having the typical two-
domains structure of ligand-binding proteins.12,13 Both the
N-terminal and the C-terminal domains of the protein consist
of six β-sheets framed by two or three R-helices.12,14 Located in a
deep cleft between the two domains, the ligand-binding site of
GGBP is composed of a set of amino acids which include the
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aromatic residues Trp 183 and Phe 16 (Figure 1). These residues
sandwich the glucose molecule in an aromatic pocket and play a
significant role for the binding of ligands.12,13,15

Wild-type GGBP is characterized by low dissociation constant
values (1 μM) of the protein/glucose complex13,16 with respect
to the glucose concentrations encountered in the human blood.
This characteristic of the protein makes wild-type GGBP not
useful as a sensitive probe for the design of a continuous glucose
monitoring biosensor in the blood of diabetic patients. To adjust the
sensitivity of the biosensor system to the range of glucose concen-
trations present in the blood of healthy people (3�6 mM) or of
diabetic patients (over 8 mM), it is necessary to change the GGBP
dissociation constant tomillimolar range.17 The values of theGGBP
dissociation constant could be modified by substituting either
Trp183 or Phe16 that are located in the protein active center with
nonaromatic residues. However, it is conceivable that these sub-
stitutions might affect not only the protein affinity for glucose but
also its structure and stability.18

In this work, we have constructed GGBP mutant variants with
either theW183A or the F16A substitution. Since Trp 183 and Phe
16 residues are directly involved in the protein function, we have
addressed the question of whether or not these GGBP variants still
possess the property of binding glucose. An important and desirable
feature of biosensor system is its stability under different denaturing
conditions. Thus, we have performed a comparative study of the
structure and stability of the twoGGBP variants both in the absence
and in the presence of glucose.

’MATERIALS AND METHODS

Plasmids, Mutagenesis, and Protein Expression. D-Glucose
(Sigma, U.S.A.), guanidine hydrochloride (GdnHCl; Nacalai
Tesque, Japan), and acrylamide (AppliChem, Germany) were used
without additional purification. E. coli strain K-12 (F+ mgl503 lacZ
lacY + recA1) carrying an mglB gene deletion16,19 transformed with a
pTz18u-mglB vectorwas used.Upon inductionwith D-fructose,20 the
expression efficiency of the GGBP protein was rather low. The
recombinant protein yield in this system does not exceed 5�8mg/L
of culture. Therefore, the mglB gene was recloned into a pET-11d
plasmid with the T7 promoter (Stratagene, U.S.A.) using NcoI and

BglII restriction sites. Specific forward and reverse primers (se-
quences are indicated in Figure 2) were used to insert new restriction
sites and a poly histidine tag at the C-terminal of the gene. Site-
directed mutagenesis was performed with the Quik-Change muta-
genesis kit (Stratagene, U.S.A.) using primers encoding correspond-
ing to amino acid substitutions. Plasmids were isolated from bacterial
cells using plasmid DNA isolation kits (Omnix, Russia). Primer
purification was performed using either reverse-phase chromatogra-
phy or electrophoresis in a polyacrylamide gel.
pET-11d plasmids encoding for wild-type GGBP (GGBPwt)

and GGBP-F16A and GGBP-W183A mutants were used to trans-
form E. coli BL21(DE3) cells. The expression of the proteins was
then induced by adding 0.5 mM isopropyl-beta-D-1-thiogalactopyr-
anoside (IPTG; Nacalai Tesque, Japan). Bacterial cells were
cultured for 24 h at 37 �C. Recombinant proteins were purified
using Ni+-agarose packed in His-GraviTrap columns (GE Health-
care, U.S.A.). Protein purification was controlled using denaturing
SDS-electrophoresis in 15% polyacrylamide gel.21

Concentrations of the protein samples were ranged from
0.2�0.7 mg/mL in all experiments. For the formation of the
protein�ligand complex, 10�100 mM D-glucose was added to
the protein solution. Measurements were performed in a 20 mM
Na-phosphate buffer at pH 8.0.
Fluorescence Spectroscopy. The fluorescence experiments

were carried out using a Cary Eclipse spectrofluorimeter (Varian,
Australia) with microcells (10 � 10 mm; Varian, Australia).
Fluorescence anisotropy and fluorescence lifetime were measured
using a homemade spectrofluorimeters with steady-state and time-
resolved excitation22 using microcells (101.016-QS 5 � 5 mm;
Hellma, Germany). The excitation wavelengths for the fluorescence
spectra were 297 and 280 nm. The spectral bandwidths of the
fluorescence experiments were 2.5 nm.The position and formof the
fluorescence spectra were characterized by the parameter A = I320/I365,
where I320 and I365 are the fluorescence intensities measured
at the emission wavelengths of 320 and 365 nm, respectively.23

The values of parameter A and the fluorescence spectra were
corrected using the instrument’s spectral sensitivity. The contribu-
tion of tyrosine residues was characterized by the value Δλ,Tyr =
(Iλ/I365)280 � (Iλ/I365)297.
The equilibrium dependences of the different fluorescence

characteristics of GGBPwt and its mutant variants on the GdnHCl
concentration were recorded following incubation of the protein in
solutions with the appropriate concentration of denaturant at 4 �C
overnight. In the case of complex of GGBPwt with glucose the
incubation time was prolonged to several days. The measurements
were done at 23 �C. To determine the GdnHCl concentration, we
relied on the measurement of the refraction coefficient using Abbe
refractometer (LOMO, Russia).

Figure 1. Structure of ligand-binding site of GGBP. It is shown the
localization of Phe 16 and Trp 183 residues which sandwich the glucose
molecule in an aromatic pocket. Eight polar amino acids distributed
between N- and C-terminal domains of protein form a strong network of
hydrogen bonds with all of the hydroxyls and oxygen atoms of the glucose
ring. Carbon, nitrogen, and oxygen are gray, blue, and red, respectively. The
figure has been created on the basis of PDB48 data with the file 2GBP.ent13

using the graphical software VMD49 and Raster 3D.50

Figure 2. Sequences of specific forward and reverse primers for GGBP.
New restriction sites for NcoI (CCATGG) and BglII (AGATCT) are
shown in gray. The underlined codon of forward primer has been added
to create the restriction site for NcoI. The stop-codon is written in white
letters on a black background. The translation initiation site is marked in
bold italic. The sequences encoding the polyhistidine tag at the
C-terminal of the protein and the linker are indicated in italic and lower
case characters, respectively.
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Parametric Relationship between Two Independent Exten-
sive Characteristics of the System for Protein Folding�Unfold-
ing Studies. For a more detailed analysis of the protein unfolding
process and in order to determine the number of intermediate states
appearing on the pathway from the native protein state to the
unfolded protein state, we used a parametric representation of the
two independent extensive parameters of the system. Any extensive
characteristic of a systemconsisting of two components is determined
by the simple equation

IðθÞ ¼ R1ðθÞI1 + R2ðθÞI2 3 ð1Þ
where I1 and I2 are the values of I(θ) at 100% content of the first and
the second component, respectively, and R1(θ) and R2(θ) are the
relative fractionof these components in the system,R1(θ) +R2(θ) =1,
where θ is any parameter depending of which the content of the
components is changed. Denaturant concentration, temperature, pH
of the solution, etc. can be taken as a parameter. Only for extensive
characteristics which give quantitative characterization of the system,
eq 1 is valid and the fraction of the components in the system, as well
as the equilibriumconstantK, can be determined by simple equations

R1ðθÞ ¼ IðθÞ � I2
I1 � I2

, R2ðθÞ ¼ I1 � IðθÞ
I1 � I2

,

KðθÞ ¼ I1 � IðθÞ
IðθÞ � I2

ð2Þ

If intensive characteristics (such as fluorescence spectrum
position, parameterA,fluorescence anisotropy etc., which characterize
the systemqualitatively) are used these equations for determinationof
R1(θ), R2(θ), and K(θ) are not valid,

24 though often no account is
taken of this in the investigations of protein conformation transition.
For any two independent extensive characteristics, we have

I1ðθÞ ¼ R1ðθÞI1,1 + R2ðθÞI2,1 ð3Þ
and

I2ðθÞ ¼ R1ðθÞI1, 2 + R2ðθÞI2, 2 ð4Þ
Eliminating R1(θ) and R2(θ) from eqs 3 and 4, we can obtain

the relationship between I1(θ) and I2(θ)

I1ðθÞ ¼ a + bI2ðθÞ ð5Þ
Equation 5 means that if with the change of parameter θ the
transition between states 1 and 2 follows the model “all or none”
without formation of the intermediate states, then the parametric
relationship between any two extensive characteristics must be linear.
If the experimentally recorded parametric relationship between
two extensive characteristics of the system is not linear, it unequi-
vocally means that the process of the transition from the initial to the
final state is not a one-stage process but it proceeds with the
formation of one or several intermediate states. This approach has
been used for characterization of intermediate states of a number of
proteins.25�28

CalculationofProteinThermodynamicCharacteristics.The
equilibrium dependences of protein fluorescence intensity at the
fixed registration wavelength upon GdnHCl concentration were
used for the evaluation of free energy in native and unfolded states
difference ΔG0. The thermodynamic characteristics of protein
stability were calculated according to the standard scheme29

Ið½D�Þ ¼ IN + IU exp½ �ΔG0ð½D�Þ=RT�
1 + exp½ �ΔG0ð½D�Þ=RT� ð6Þ

The approximation of experimental data was performed via
the nonlinear regression method using the Sigma Plot program.
Protein Affinity Measurements. The fluorescence intensity

of protein solution in the ligand presence can be determined by a
simple equation

IðC0Þ ¼ RFðC0ÞIF + RBðC0ÞIB ð7Þ
where IF and IB are the fluorescence intensity of protein in free
state and bounded with ligand, respectively, and RF(C0) and
RF(C0) are the relative fraction of this protein states in the
solution at concentration of added ligand C0,RF(C0) +RB(C0) =
1. Thus, the fraction of bounded protein is determined as

RB ¼ IðC0Þ � IF
IB � IF

¼ Cb

Cp
ð8Þ

where Cp is the total protein concentration and Cb is the
concentration of protein bounded with ligand.
The dissociation constant, Kd can be expressed as follows

Kd ¼ ½protein�½ligand�
½complex� ¼ ðCp � CbÞCf

Cb
ð9Þ

where Cf is concentration of free ligand, which can be calculated
from the equation

Cb ¼ C0 � Cf ð10Þ
here C0 is concentration of added ligand. Eliminating Cf from the
eq 9, we can obtain the next equation for Cb

Cb ¼
ðKd + Cp + C0Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd + Cp + C0Þ2 � 4CpC0

q

2
ð11Þ

Combining the eqs 8 and 11, we have the equation for
definition of Kd, using the difference of fluorescence intensity
of mutant proteins in the presence and in the absence of glucose.
The wavelength of registration was chosen as that of the maximal
difference in the fluorescence intensity of the ligand-free and
bound states of the studied protein

IðC0Þ ¼ IF + ðIB � IFÞ
ðKd + Cp + C0Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd + Cp + C0Þ2 � 4CpC0

q

2Cp

ð12Þ
Approximation of experimental data was performed via the

nonlinear regression method using Sigma Plot program.
Circular Dichroism Measurements. CD spectra were ob-

tained using a Jasco-810 spectropolarimeter (Jasco, Japan). Far-
UV CD spectra were recorded in a 1 mm path length cell from
260 to 190 nm with a step size of 0.1 nm. Near-UV CD spectra
were recorded in a 10 mm path length cell from 320 to 250 nm
with a step size of 0.1 nm. For all spectra, an average of 3 scans
was obtained. CD spectra of the appropriate buffer solution were
recorded and subtracted from the protein spectra.
Stern�Volmer Quenching and Estimation of the Bimole-

cular Quenching Rates. To evaluate the acceptability of trypto-
phan residues of proteins to the solvent molecules, acrylamide-
induced fluorescence quenching was studied. The intrinsic protein
fluorescence was excited at 297 and recorded at 340 nm. The
recorded values were corrected based on solvent signal. The
quenching constant was evaluated using the Stern�Volmer equation
I0/I = 1 + Ksv[Q], where I0 and I are the fluorescence intensities in
the absence and presence of quencher, KSV is the Stern�Volmer



9025 dx.doi.org/10.1021/jp204555h |J. Phys. Chem. B 2011, 115, 9022–9032

The Journal of Physical Chemistry B ARTICLE

quenching constant and [Q] is the quencher concentration.30,31 The
bimolecular quenching rates, kq, have been calculated from KSV and
themean-square fluorescence lifetime, τ, as kq =KSV/τ (M

�1 s�1).30

DSC Measurements. Differential scanning calorimetry
(DSC) experiments were performed using a DASM-4 differential
scanning microcalorimeter (“Biopribor”, Pushchino, Russia) as
described earlier.32�35 Protein samples (0.65�0.7 mg/mL) were
heated at a constant rate of 1 K/min and a constant pressure of 2.4
atm. The reversibility of the thermal transitions was assessed by
reheating the sample immediately after the cooling step from the
previous scan. The thermal transition curves were baseline corrected
by subtracting a scan of the buffer only in both cells. The excess heat
capacity of the protein (Cp) was calculated as described by Privalov
and Potekhin.36 The temperature dependence of the excess heat
capacity was analyzed using Origin software (Micro-Cal Inc., North-
ampton, MA). The thermal stability of the proteins was described by
the temperature of the maximum of thermal transition (Tm), and
calorimetric enthalpy (ΔHcal) was calculated as the area under the
excess heat capacity curve. The thermal transition curves were further
analyzed for determination of the number of two-state transitions
(calorimetric domains) using the Origin software (Micro-Cal). The
deconvolution procedure was previously described by Freire and
Biltonen.37 Each calorimetric domain was characterized by theΔHcal

and the midpoint of thermal transition Tm.

’RESULTS

Structural and Functional Features of GGBP Mutant Var-
iants Compared to the Wild-Type Protein. Secondary and
tertiary structures of GGBPwt and mutant GGBPs with substitu-
tions W183A or F16A have been studied by intrinsic UV-
fluorescence spectroscopy, far- and near-UV CD and tryptophan
fluorescence quenching by acrylamide.
As it has been shown earlier, the tryptophan fluorescence

spectrum (λex = 297 nm) of GGBPwt in the native state has an
emission maximum at 338 nm (Table 1, Figure 3). Ligand binding
to GGBPwt (GGBPwt/Glc) leads to a small increase of the
fluorescence emission intensity (Figure 3). The tryptophan fluor-
escence spectra of GGBP-W183A is blue-shifted (5�6 nm) with
respect to that of GGBPwt. The change F16A does not influence
fluorescence spectrum position (Table 1, Figure 3). Addition of
glucose results in an increase of fluorescence intensity of both
GGBP mutant variants. It is worth noting that the GGBP-F16A

tryptophan fluorescence intensity is significantly lower than that of
the wild-type protein, but it is higher than that of GGBP-W183A.
The tryptophan decay curves of GGBPwt and of the two

mutant variants show a best fit to a three exponential model, as it
is usually expected for the decay of multitryptophan proteins.

Table 1. Characteristics of the Intrinsic Fluorescence of GGBP and Its Mutant Forms, As Well As Their Complexes with
D-Glucose, in the Native State and the Unfolded State Caused by GdnHCl

fluorescence quenching

protein

λmax, nm

(λex = 297 nm)

parameter

A(λex = 297 nm)

r (λex = 297 nm,

λem = 365 nm)

Æτæ*, ns (λex = 297 nm,

λem = 340 nm) Ksv, M
�1

kq, 10
9

M�1 C�1

GGBP 338 1.0 0.15 7.03 ( 0.09 4.66( 0.07 0.66( 0.02

GGBP/Glc 336�337 1.0 0.16 6.96( 0.15 1.87( 0.13 0.27( 0.02

GGBP-W183A 332�333 1.6 0.13 4.12( 0.09 6.90( 0.36 1.68( 0.12

GGBP-W183A/Glc 330�331 1.7 0.14 4.04( 0.03 7.52( 0.33 1.86( 0.10

GGBP-F16A 339 0.94 0.13 6.93 ( 0.32 9.66( 0.39 1.39( 0.12

GGBP-F16A/Glc 338 0.95 0.15 7.14( 0.29 4.28( 0.12 0.60( 0.04

GGBP-F39A and GGBP-W183A

in the presence of 3.0 M GdnHCl

348�349 0.47 0.06

*The values of fluorescence life times are an average of three experiments.

Figure 3. Influence of W183A and F16A substitutions on the tertiary
and secondary structures of GGBP mutant variants as revealed by
tryptophan fluorescence at 297 nm (panel a), near-UV CD (panel b),
and far-UV CD (panel c). Spectra of GGBPwt (red curves), GGBP-
W183A (blue curves), and GGBP-F16A (green curves) are drawn as
solid lines, and spectra of these proteins in the presence of glucose are
shown as dashed (panels a and c) or dotted (panels b) lines.
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The excited state lifetime of GGBP-W183A is significantly
shorter with respect to that of GGBPwt and of GGBP-F16A, and
this is likely due to the substitution of Trp183 with an alanine
residue (Table 1).
Upon glucose binding the lifetime values of GGBPwt and mutant

GGBPs remain practically unchanged. The value of the bimolecular
constants of tryptophan fluorescence quenching by acrylamide can be
used to evaluate the accessibility of tryptophan residues to solvent
molecules. The values for wt GGBP and bothmutants are the follow-
ing: GGBPwt (0.66( 0.02� 109M�1 s�1) <GGBP-F16A (1.39(
0.12 � 109 M�1 s�1) < GGBP-W183A (1.68 ( 0.12 � 109 M�1

s�1). These values are lower than the values of the bimolecular
quenching constant of free tryptophan inwater (5.9� 109M�1 s�1),
indicating a significant shielding of tryptophan residues from the
solvent molecules in GGBPwt and mutant GGBPs (Table 1).
Addition of glucose leads to a decrease of the bimolecular

constant value of GGBPwt (0.27 ( 0.02 � 109 M�1 s�1) and
GGBP-F16A (0.60( 0.04� 109M�1 s�1) and an increase of the
constant of GGBP-W183A (1.86 ( 0.02 � 109 M�1 s�1).
Near-UV CD spectra of GGBP-W183A and GGBP-F16A are

less pronounced than that of the wild-type protein but retain all
of the bands observed in the GGBPwt. Upon glucose addition, an
increase of the magnitude of the near-UV CD spectra of both
GGBP mutants occurs (Figure 3).
The far-UV CD spectrum of GGBPwt has two negative bands at

about 222 and 208nm(Figure 3). These bands are typical of proteins
with a high content of R-helical regions in their secondary structure.
The far-UV CD spectrum becomes more pronounced upon
glucose binding.
Far-UV CD spectra of GGBP-W183A and GGBP-F16A dis-

play the same negative bands at 222 and 208 nm although less
intense than those of GGBPwt. In the presence of glucose there is
an increase in the intensity of these bands (Figure 3).
To evaluate the content of secondary structure elements we

have analyzed the far-UV CD spectra of the proteins by using the
Provencher’s algorithm.38 The analysis has revealed about 36% of
R-helices and only 19% of β-sheets for GGBPwt, which is consistent
with the crystallographicdata (Table 2).Glucosebinding toGGBPwt
is accompanied by slight increase in R-helices and a decrease in
β-sheets and unstructured regions. The amount of R-helices, calcu-
lated for GGBPs W183A and F16A, drops in comparison to that of
the wild-type protein, whereas the content of β-sheets and unstruc-
tured regions rises (Table 2).Glucose addition to themutantGGBPs
restores the amount of secondary structure elements to the level of
the wild-type protein.

A small, but clearly recorded, difference in the fluorescence
intensity of mutant GGBPs in the absence and in the presence of
glucose allowed us to determine the dissociation constant values
of GGBP-W183A (0.28( 0.10 mM) and of GGBP-F16A (1.51(
0.88 mM) (Figure 4). These data indicate that the dissociation
constants of GGBPmutant variants have been increased almost 3
orders of magnitude compared to that of GGBPwt.13

Conformational Changes of GGBP-W183A and GGBP-
F16A Induced by GdnHCl. To characterize the stability of wild-
type and mutant GGBPs, GdnHCl-induced unfolding�refolding
experiments have been carried out. Different structural probes
(fluorescence intensity at a fixed registration wavelength, parameter
A, anisotropy and ellipticity at 222 nm) were used to evaluate the
equilibrium dependences on GdnHCl concentration for these pro-
teins (Figure 5). The same experiments were also performed in the
presence of glucose.

Table 2. Evaluation of the Content of Different Element of Protein Secondary Structure Based on Provencher’s Analyses38

portion of

R-helices
portion of

β-sheets

portion

of β-turns

unfolded

structure portion

protein portion

% with respect to

wild type protein portion

% with respect to

wild type protein portion

% with respect to

wild type protein portion

% with respect to

wild type protein

GGBP 0.36 0.19 0.19 0.27

GGBP (X-ray data) 0.43 0.18

GGBP/Glc 0.40 113 0.16 87 0.18 97 0.26 95

GGBP-W183A 0.24 67 0.24 127 0.21 112 0.32 116

GGBP-W183A/Glc 0.34 94 0.19 103 0.19 103 0.28 103

GGBP-F16A 0.24 69 0.23 124 0.21 111 0.32 117

GGBP-F16A/Glc 0.30 84 0.21 114 0.20 108 0.29 106

Figure 4. Determination of the dissociation constants of the complexes
GGBP-W183A/Glc (panel a) and GGBP-F16A/Glc (panel b) by
fluorescence intensity. A protein concentration of 0.2 mg/mL has been
applied. Solid lines represent the approximation of experimental dotes
under the dissociation constant determination.
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In the presence of 3.0MGdnHCl values of parameter A and of
the fluorescence anisotropy of the studied proteins alone and in
their complexes with glucose correspond to the values showed by
the completely unfolded protein (Table 1). Thus we have varied
the GdnHCl concentration from 0.0 to 3.0 M.
The equilibrium dependences of the parameter A and of the

fluorescence anisotropy on the GdnHCl concentration for
GGBPwt, GGBP-W183A, and GGBP-F16A both in open and
in closed forms present a sigmoid shape (Figure 5), suggesting a
one-step unfolding process for GGBPwt and for the twomutants.
The equilibrium dependences of the fluorescence intensity at

320 and 365 nm and the molar ellipticity at 222 nm of GGBP-
W183A and GGBP-F16A in the open form also present a sigmoid
shape.While in complexes with glucose the equilibrium dependences
are characterized by extremes at a low concentration of GdnHCl
(at about 0.1 M). When parametrically represented, dependences of
fluorescence intensities recorded at 320 and 365 nm of mutant
GGBPs both in the absence and in the presence of glucose are well
described by a straight line (Figure 6), thus supporting a two-state
unfolding for these proteins. It is worth to note that in all cases
equilibrium dependences of different structural probes recorded for

GGBPwt and its complexes with glucose are shifted to larger dena-
turant concentrations compared those of both mutant GGBPs.
The dependences of all structural probes of the studied

proteins on GdnHCl concentration regarding protein unfolding
and refolding coincide, implying the reversibility of the unfolding
of these mutant proteins both in the absence and in the presence
of glucose (Figures 5 and 6).
The difference of protein free energy between native and

unfolded state (ΔG0) has been estimated for the mutant GGBPs
alone and in complexes with glucose by using the equilibrium
dependences of the fluorescence intensities at 320 and 365 nm
(Table 3, Figure 5).
The previously calculated ΔG0 value for GGBPwt is almost

half as great as that of GGBPwt/Glc (1.92 ( 0.90 and 3.37 (
1.07 kcal/mol, respectively; Table 3), showing a significant
stabilization of the protein structure upon glucose binding.39,40

Instead the ΔG0 values for GGBP-W183A and GGBP-F16A
change insignificantly upon glucose binding. The values of ΔG0

of GGBP-W183A and GGBP-W183A/Glc being equal to 2.0 (
1.0 and 2.5 ( 0.4 kcal/mol, respectively, are close to the values
calculated for GGBP-F16A and GGBP-F16A/Glc (2.2( 0.5 and
1.8 ( 0.4 kcal/mol, respectively, Table 3). The midpoint of
GGBPwt/Glc unfolding (0.93 M GdnHCl) occurs at higher
concentrations of GdnHCl compared to GGBPwt unfolding
(0.36 M GdnHCl). This also supports the stabilizing effect of
glucose on protein structure. For mutant GGBPs such a drastic
effect is not observed. Glucose binding to GGBP-W183A and to
GGBP-F16A results in a small shift of the transition midpoint
from 0.27 to 0.33 M GdnHCl and from 0.17 to 0.22 M GdnHCl,
respectively (Figure 5, Table 3). Apparently, this is due to a
weaker binding of glucose to the ligand-binding site of the
mutant proteins (Figure 4).
Heat Denaturation of Mutant GGBPs. To further characterize

the protein’s stability we have undertaken the investigation of heat-
induced denaturation of GGBPwt and GGBP mutant variants in
their free state and in the presence of glucose by differential scanning
calorimetry (DSC) and by UV-fluorescence.
The calorimetric traces obtained for GGBPwt, GGBP-F16A

and GGBP-W183A and their complexes with glucose are repre-
sented in figure 7. The heat-induced unfolding of all GGBP forms
is shown to be reversible both in the presence and in the absence
of the ligand as indicated by the almost complete reproducibility

Figure 5. Conformational changes of GGBP-F16A and GGBP-F16A/
Glc (red circles and blue squares, respectively; left panels) and GGBP-
W183A and GGBP-W183A/Glc (red circles and blue squares, respectively;
right panels) induced by GdnHCl. Fluorescent characteristic of GGBPwt
(gray solid line) andGGBPwt/Glc (gray dashed line) are also shown. (a and
e) Changes of the fluorescence intensity recorded at 320 nm. (b and f)
Changes of parameterA. (c and g) Changes of fluorescence anisotropy at an
excitationwavelength being equal to 297 nm. (d and h) Changes of ellipticity
at 222 nm. Open symbols indicate unfolding, whereas closed symbols
represent refolding of protein.

Figure 6. Parametric dependencies between the fluorescence intensi-
ties recorded at 320 and 365 nm in the unfolding processes of GGBP-
F16A and GGBP-F16A/Glc (red circles and blue squares, respectively;
panel a) and GGBP-W183A and GGBP-W183A/Glc (red circles and
blue squares, respectively; panel b) induced by GdnHCl. The parameter
is GdnHCl concentration. The excitation wavelength is 297 nm. Open
symbols indicate unfolding, whereas closed symbols represent refolding.
Fluorescent characteristics of the native protein state (N) and unfolded
state (U) are indicated.
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of the calorimetric traces assessed a second time by reheating the
sample immediately after the cooling step (data are not shown).
This is also supported by the coincidence of two sequential scans
of fluorescence intensity recorded in the thermal denaturation
range of these proteins alone and of their complexes with glucose
(Figure 7, panels a and b).Minor deviations of repeated scans can
be attributed to protein aggregation occurring at high tempera-
ture as has been previously observed for the wild-type protein.40

For both GGBP-W183A (Tm = 43.8 �C) and GGBP-W183A/
Glc (Tm = 54.8 �C), the major thermal transition takes place at a
lower temperature compared to that of the wild type protein in the
absence and in the presence of the sugar (Table 4). The calorimetric
enthalpy, ΔHcal, of the thermal unfolding of GGBP-W183A and of
GGBP-W183A/Glc is 83 and87%of that ofGGBPwt andGGBPwt/
Glc, respectively. The calorimetric trace ofGGBP-W183A exhibits an

additional shoulder at about 38 �C. We have calculated the ratio of
ΔH/ΔHcal (where ΔH, standard enthalpy change, is characterizing
the width of thermal transition, see Table 5) according to van’t Hoff
criterion.41 In the case of both GGBP-W183A and GGBP-W183A/
Glc, this value was less than 1 indicating that the mutant protein as
well as its complexwith glucose unfolds only partially (Table 4).Most
adequate fits of GGBP-W183A andGGBP-W183A/Glc calorimetric
traces are obtained when decomposed into two individual ther-
mal transitions (calorimetric domains, Figure 7), and summarized
in table 4. The Tm values of the separate calorimetric domains of
GGBP-W183A differ by more than 6 �C (Table 4), whereas the
difference for GGBP-W183A/Glc is reduced to 2.5 �C.
The GGBP-F16A and GGBP-F16A/Glc are even less stable to

heating in comparison to GGBP-W183A and GGBP-W183A/
Glc (Table 4). The Tm of major thermal transitions revealed by

Table 3. Thermodynamic Parameters of GGBP and Its Mutant Forms, As Well As Their Complexes with D-Glucose Determined
on the Basis of a GdnHCl-Induced Unfolding Process

GGBP* GGBP-W183A GGBP-F16A

protein complex protein complex protein complex

m, kcal mol�1 M�1 5.29( 1.42 3.60( 0.88 7.4( 1.6 7.7( 0.8 12.7( 1.6 8.3( 0.9

D50%, M 0.36( 0.10 0.93( 0.03 0.27( 0.07 0.33( 0.02 0.17( 0.02 0.22( 0.02

ΔG0 (23 �C), kcal mol�1 1.92( 0.9 3.37 ( 1.07 2.0( 1.0 2.5( 0.4 2.2( 0.5 1.8( 0.4
*Data are taken from ref 40.

Figure 7. Heat-induced denaturation of GGBPwt and GGBPwt/Glc (gray and black lines, respectively, on panels a, d, and g), and protein mutant
variants GGBP-W183A and GGBP-W183A/Glc (gray and black lines, respectively, on panel b, e and h), and GGBP-F16A and GGBP-F16A/Glc (gray
and black lines, respectively, on panels c, f, and i) as recorded by DSC (panels a, b, and c) and fluorescence experiments (panels d-i). (panels a, b, and c)
Temperature dependencies of the excess heat capacity of studied proteins. The protein concentration is 0.6�0.7 mg/mL. The deconvolution of
calorimetric traces into two separate thermal transitions is shown in red for protein and in blue for the protein complex with glucose, with deviations from
experimental dotes being represented in corresponding bottom panels. (panels d, e, and f) Temperature dependencies of the fluorescence intensity of
studied proteins. Two sequential scans (solid and dashed lines, respectively) are shown to characterize the reversibility of the thermal transitions. (panels
g, h, and i) Dependencies of the first derivative of fluorescence intensity of studied proteins are represented.
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calorimetric traces is 39.5 and 47.6 �C for GGBP-F16A and
GGBP-F16A/Glc and are 12 and 17 �C lower than those of
GGBP-wt and GGBP-wt/Glc (Table 4, Figure 7). The calorimetric
trace of GGBP-F16A/Glc contains a shoulder at about 39 �C. The
calorimetric trace of GGBP-F16A/Glc can be decomposed into two
separate thermal transitions that are in agreement with the calculated
ratio of ΔH/ΔHcal (Table 4). In contrast to that of GGBP-F16A/
Glc, the calorimetric trace of GGBP-F16A does not have any visible
shoulder in the proximity of the major peak (Figure 7). The ratio of
ΔH/ΔHcal is close to 2 (Table 4). The protein calorimetric enthalpy
of GGBP-F16A is 26% of the ΔHcal of GGBPwt while the enthalpy
variation of GGBP-F16A/Glc is 39% of that of GGBP-wt/Glc.
Calorimetric traces of GGBPwt and its complex with glucose

have a single peak with Tm of 51.3 and 64.7 �C, respectively
(Table 4, Figure 7). The peaks can be decomposed into two
separate thermal transitions with close Tm values (Table 4).
The dependences of fluorescence intensity on temperature of

GGBPwt and mutant GGBPs, as well as their complexes with
glucose, are S-shaped (Figure 7). The calculated Tm values corre-
spond to Tm values of the main calorimetric transition (Table 4, 5).
At the same time, the first derivative of fluorescence intensity of
all the proteins under investigation has a complex character. The
first derivative of fluorescence intensity of GGBP-W183A has two
clearly distinguishable minima at temperatures corresponding to the
Tm of the calorimetric domains revealed from DSC data (Table 4,
Figure 7). The dependence of the first derivative of GGBP-W183A/
Glc fluorescence intensity is characterized by a main minimum at
56.7 �Cand a shoulder at slightly lower temperature. The existence of
two thermal transitions for GGBP-F16A/Glc melting is indicated by
the two minima of the first derivative of the fluorescence intensity
spectra for GGBP-F16A/Glc (Figure 7). In addition to the global

minima at 40 �C, small disturbances of the first derivative of
fluorescence intensity of GGBP-F16A appear at 33 �C (Figure 7).
Discussion. Any change in the primary structure of a protein

can abolish the proper folding into a unique structure and/or its
functional activity. To elaborate GGBP variants with low affinity
to Glc, we manipulated the amino acid residues located in the
active center of the protein.
The substitution of Trp 183 or Phe 16 residues, which are

directly involved in sugar binding in the protein active center,
changes the physical-chemical properties of mutant GGBPs.
The observed difference between GGBP-W183A and GGBPwt

as well as the GGBP-F16A fluorescent characteristics (fluorescence
intensity and lifetime) and bimolecular quenching constant can be
mainly attributed to the absence of the Trp residue responsible for
the fluorescent properties of GGBP-W183A.
In general, the reduced fluorescence intensities and the less pro-

nounced near-UV CD spectra of both mutant GGBPs indicate a
loosening of GGBP tertiary structure (Figure 3). An increased
accessibility of tryptophan residues of GGBP-W183A and GGBP-
F16A, as revealed by the value of bimolecular quenching constant
(Table 1), confirm this assumption. A presence of all characteristic
bands in near-UV CD spectra of mutant GGBPs shows that the
overall tertiary structure of these proteins is similar to that of the wild-
type protein.
The substitution of Trp 183 or Phe 16 residues to alanine also

affects the secondary structure of GGBP (Table 2, Figure 3). Any of
these substitutions results in a decrease of R-helices content and an
increase of β-sheets and unstructured regions compared to the wild-
type protein. It is important to emphasize that protein secondary
structure content is more altered by the introduction of W183A
substitution into GGBP active center (see Table 2).

Table 4. Calorimetric Parameters Obtained from DSC Data for Thermal Transitions of GGBP and Its Mutant Forms, As Well As
Their Complexes with D-Glucosea

protein sample ΔHcal,kcal/mol Tm, �C ΔH/ΔHcal Tm
1, �C ΔH1, kcal/mol Tm

2, �C ΔH2, kcal/mol

GGBP-W183A

protein 72 43.8 0.75 38.4 23.5 44.6 35.4

complex 119 54.8 0.95 52.7 38.4 55.2 51.8

GGBP-F16A
protein 23 39.5 1.95

complex 53 47.6 0.97 39.3 12.7 48 34.4

GGBP
protein 87 51.3 0.99 48.8 32 51.9 37

complex 137 64.7 0.98 62 43 65.3 57
aThe parameters were extracted from Figure 7. The errors of the given values of transition temperature (Tm) did not exceed(0.2 �C. The relative errors
of the given values of calorimetric enthalpy, ΔHcal, did not exceed (10%.

Table 5. Thermodynamic Parameters of GGBP and Its Mutant Forms, As Well As Their Complexes with D-Glucose Determined
on the Basis of a Heat-Induced Unfolding Process

GGBP-W183A GGBP-F16A GGBP-wt

protein complex protein complex protein complex

Tm, �C 43.83( 0.05 56.70 ( 0.03 39.3( 0.1 47.6( 0.1 52.50( 0.02 64.6( 0.02

ΔG0 (23 �C), kcal mol�1 1.94( 0.01 4.15( 0.02 1.46( 0.01 1.93( 0.02 3.6( 0.01 5.30 ( 0.01

ΔH0(23 �C), kcal 3 mol �1 55.4( 0.7 112.6( 1.0 45.0( 0.3 51.2( 0.9 85.7 ( 0.5 134( 1.0

ΔCp
0, kcal 3 mol �1

3 deg
�1 2.44( 0.05 4.12 ( 0.05 2.04( 0.03 2.06( 0.05 3.03( 0.04 3.7( 0.2
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All recorded data imply that in the presence of glucose the
tertiary structure of GGBP-W183A and GGBP-F16A become
more compact and similar to that of the wild-type protein. In
addition, the secondary structure elements of the mutant GGBPs
are restores to a level of GGBPwt (Tables 1 and 2, Figure 3).
These data also allow us to hypothesize that both mutant GGBPs
preserve the ability to bind glucose. The dependences of
fluorescence intensity of GGBP-W183A and GGBP-F16A on
Glc concentration (Figure 4) show that the dissociation con-
stants of these mutant proteins are in the millimolar range.
The GGBP-W183A and GGBP-F16A unfolding induced by

GdnHCl seems to be aone-step reversible process (Figures 5, 6).The
extreme observed on equilibrium dependencies of fluorescence
intensities and far-UV CD of GGBP-W183A/Glc and GGBP-
F16A/Glc can be explained by the so-called stabilizing effect of
GdnHCl.26,42 At low concentrations of GdnHCl, the GdnH+ ions
interact with the carboxyl groups on protein surface, resulting in
neutralization of the negatively charged proteins regions. This reduces
local structural tensions of protein globule and leads to some ordering
of protein structure. Acting as denaturing agent at elevating concen-
trationsGdnHCl causes protein unfolding.Decreasing ofmidpoint of
GdnHCl-induced unfolding ofmutant GGBPs reflects a destabilizing
action of W183A or F16A substitutions on the whole protein struc-
ture (Table 3, Figure 5). At the same time, the structure of GGBP-
W183A is more stable compared to that of GGBP-F16A.
The thermal unfolding of mutant GGBPs takes place at lower

temperature with respect to the wild-type protein: GGBP-F16A
being even less stable than GGBP-W183A (Table 4, Figure 6).
The clearly distinguishable shoulder of the calorimetric trace of
GGBP-W183A testifies a more complex character of protein
unfolding than it has been shown byGdnHCl-induced denaturation
of the protein. As GGBP has a two-domains structure, the behavior
of the calorimetric trace of GGBP-W183A can be attributed to the
separate protein domains that possess a different thermal stability.
This is proved by comparison the changes of enthalpy determined
by calorimetry and by experiments on the protein intrinsic fluores-
cence. As it is predicted the value of ΔH/ΔHcal ratio is less than 1
(Table 4). It means that the mutant protein melts partially.
In the case of the complex GGBP-W183A/Glc, the value of

ΔH/ΔHcal is close to unity, though deconvolution of calorimetric
traces of GGBP-W183A/Glc can be presented by two individual
thermal transitions. The 6 �C difference of Tm values of two
domains of GGBP-W183A shows a noncooperative proteinmelting
process (Table 4). The glucose binding to GGBP-W183A results in
an increase of thermal stability of the protein domains as indicated
by the increase of Tm of the protein individual domains and by the
reduction of Tm difference to 2.5 �C. Obviously, the presence of
glucose in the structure of GGBP-W183A makes the thermal
unfolding of the two protein domains strictly bounded, thus
increasing protein thermo-stability (more than 10 �C).
Calculated from the temperature dependences of fluorescence

intensity of GGBP-W183A and GGBP-W183A/Glc the Tm values
correspond to the Tm values of the main calorimetric transition of
themutant protein and its complexwith glucose (Tables 4, 5). Since
only one of the four tryptophan residues of GGBP (Trp 284) is
located at the N-terminal domain whereas all the others (Trp 127,
Trp 133, and Trp 195) are located at the protein C-terminal
domain39,43 (Trp 183 of wild-type protein is eliminated from the
structure of GGBP-W183A) it seems that fluorescence data reflect
the thermal stability of the protein C-terminal domain. Thus the
high-temperature transition corresponds to thermal unfolding of
C-terminal domain of GGBP-W183A and GGBP-W183A/Glc.

Meanwhile, the character of the first derivative of fluorescence
intensity of GGBP-W183A and GGBP-W183A/Glc reveals the
existence of the both thermal transitions as monitored by DSC
(Table 4, Figure 7). Taken together, all experimental data show that
the N-terminal domain of GGBP-W183A possesses an appreciably
lower thermo-stability compared to C-terminal domain. The in-
creased protein stability and the recovery of the cooperativity during
the thermal unfolding process of the complex GGBP-W183A/Glc
arise from a tightly bounded melting of separate domains of protein
in the presence of glucose.
Experimental data shows that GGBP-F16A/Glc also melts

partially with the C-terminal domain being more stable com-
pared to N-terminal protein domain (Table 4, Figure 7), though
the peak of thermal flux is rather small in comparison with
GGBPwt and GGBP-W183A/Glc. This suggests a low coopera-
tivity during the process of melting as well as high error in ΔHcal

evaluation.44 The determination ofΔH is also of high inaccuracy.
So in this case the ratio ofΔH/ΔHcal does not allowmaking valid
conclusions about the succession of the protein domain melting.
The existence of noncooperative melting transitions has been

earlier described for several proteins.45,46 The assumption that
part of GGBP-F16A unfolds noncooperatively is corroborated by
under-evaluated value of protein calorimetric enthalpy (it is equal
to 26% of ΔHcal of GGBPwt as compared to 39% of ΔHcal of
GGBP-wt/Glc for GGBP-F16A/Glc) and by the slightly distin-
guishable shoulder at 33 �C in the first derivative of the
fluorescence intensity spectrum of GGBP-F16A which appeared
in addition to the global minima at 40 �C (Table 4, Figure 7).
Close thermal characteristics of separate protein domains of
GGBPwt and its complex with glucose revealed by DSC data
(Table 4) imply that N- and C-terminal domains of wild-type
protein have similar thermal stability indicating that the thermal
unfolding of GGBPwt is a one-step process. In conclusion, the
substitution of Trp183 in GGBP results in the decrease of the
thermostability of the both protein domains. The binding of
glucose to GGBP-W183A restores the stability of domains and
shift the cooperativity of the protein unfolding to a large degree.
The effect of Phe 16 substitution on the thermal stability of the

entire GGBP structure is very pronounced: GGBP-F16A pos-
sesses a low stability even when it is in complex with the ligand.
These data imply that Phe 16 is crucial for the protein stability.
Summarizing all of the experimental data we can conclude that

GGBP-W183A is a promising mutant form of GGBP for use as a
sensing probe in a biosensor system designed to detect glucose in
the blood.
Though W183A substitution results in a drastic increase of

protein�ligand dissociation constant, further fine-tuning of
sensitivity of the protein to glucose concentration can be
achieved by additional substitutions of residues that could donate
hydrogen bonds to glucose molecule directly or via other
residues. These manipulations should be accomplished carefully
as, for example, substitution of Asn 256 can abolished glucose
binding.47 In fact, it has been shown that Asn 256 is highly
conserved residue among glucose-binding proteins from differ-
ent prokaryotic organisms.
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