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a  b  s  t  r  a  c  t

The  glucose–galactose  binding  protein  (GGBP)  is used  as  an  optical  biosensor  in  medical  and  biopro-
cess  applications.  This  paper  investigates  the  effect  of pH  on  the  behavior  of  GGBP-L255C  labeled  with
Acrylodan  for  the  purpose  of  finding  the optimum  conditions  for sensing  purposes  as  well  as  for  protein
preparation,  purification  and  storage.  The  Acrylodan–GGBP  fluorescence  response  in absence  and  pres-
ence of glucose  was  measured  under  varying  buffer  and pH  conditions.  Dissociation  constants  (Kd)  and
Gibbs  free  energies  (�G)  for the  protein-glucose  binding  were  calculated.  Binding  was  found  to  be  ener-
getically  favored  at slightly  acidic  to neutral  conditions,  specifically  close  to the  pI of  GBP  (∼5.0).  Minimal
H effect
luorescence
issociation constant
ifetime measurements
iosensor

fluorescence  response  to  glucose  was  exhibited  at  pH 3.0 accompanied  by  a blue  shift in the  steady  state
fluorescence  spectrum.  In  contrast,  an  almost  45% response  to  glucose  was  shown  at pH  4.5–9.0  with a
13-nm  red  shift.  Frequency  domain  lifetime  measurements  and quenching  with  KI  suggest  that  at  highly
acidic  conditions  both  the glucose-free  and  the  glucose-bound  protein  are  in a  conformation  distinct
from  those  observed  at higher  pH  values.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The glucose–galactose binding protein (GGBP) belongs to a
roup of soluble proteins that can be found in the periplasmic space
f gram negative bacteria, such as Escherichia coli. These proteins
re responsible for stimulating chemotaxis in low nutrient envi-
onments and participate in active transport of small molecules
nd ions from the periplasm to the cytoplasm. Because of these
unctions, these proteins have evolved very high sensitivity and
electivity for their substrates [1]. Thus, wild type GGBP has a dis-
ociation constant Kd < 1 �M for glucose at pH 7 and slightly higher
or galactose, but does not respond to other sugars such as mal-
ose, fructose, etc. In addition, the binding proteins including GGBP

ndergo substantial conformational changes upon substrate bind-

ng, which are then required for docking to a membrane-bound
eceptor. The process of translocation of the substrate from the
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periplasm to the cytoplasm requires ATP for energy, thus, consti-
tuting the so-called ATP-binding cassette (ABC) transporters. The
tertiary structure of GGBP, as is generally the case in the binding
proteins, is comprised of two globular domains linked by flexi-
ble hinges. In solution, the tertiary structure of GGBP equilibrates
between an open structure where the two  domains are apart and
a closed structure where the hinge bends and the two  domains
are closer together. The binding of glucose to GGBP favors the
closed conformational structure as glucose replaces water within
the binding cleft [2–6]. The change from the open ligand-free
to the closed ligand-bound structure has been utilized in optical
transduction applications by conjugating the protein with a single
environment-sensitive dye [7–10]. The protein is thus rendered as
a glucose optical biosensor for biomedical and bioprocess applica-
tions. It has been used to monitor glucose levels in bioprocesses
to ensure healthy cell growth and optimum product yield [10,11].
It has also been used in clinical applications to monitor transcuta-
neous glucose levels [12] and transdermal glucose [13].

Because GBP is primarily used as a biosensor, understanding
its behavior under different pH conditions is very important. As
an example, one of the applications we are investigating for the

GGBP biosensor is to determine glucose diffusing from the tissues
to the surface of the skin [13] in a noninvasive glucose monitoring
system. The pH of the skin surface is on average slightly below
pH 5.0 [14] and we have to make sure GGBP functions properly at
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his pH. We  are also developing the GGBP biosensor in bioprocess
nd fermentation monitoring. In yeast fermentation in particular,
he optimum pH is around 5.0. Thus, we have to show that GGBP
abelled with Acrylodan is an appropriate biosensor even under
hese conditions. Additionally, pH is important for optimum protein
reparation, purification and storage conditions.

The experiments reported here include studying the activity
f GGBP in various pH and buffers. The GGBP mutant has a cys-
eine mutation at the 255th position that was then labeled with
ulfhydryl reactive Acrylodan dye. Acrylodan is one of a group of
olarity sensitive dyes that exhibit changes in their photophysical
roperties in response to changes in hydrophobicity of the sur-
ounding environment. From previous studies, we have shown that
crylodan at the 255-position of GGBP gives favorable fluorescence
esponse as glucose is added, an indication that GGBP undergoes
onformational changes as it binds to glucose [9,15]. Additionally,
crylodan is the dye of choice because it absorbs and emits at wave-

engths distinct from where biological components autofluoresce
9]. The choice of Acrylodan is also based on previous reports that
he fluorescence of Prodan, a dye with the same fluorophore as
crylodan but without the SH reactive group, is unaffected by pH

16]. Thus, fluorescence changes observed were the effects of pH
n the protein rather than on the dye. This was further confirmed
y dissolving free Acrylodan (without the protein) at various pH
onditions (Supplemental data 1) and finding no differences in the
uorescence spectra.

To obtain the desired pH, the Acrylodan-labeled GBP is dia-
yzed in buffer solutions with pH ranging from 3 to 10. Protein
ehavior was analyzed by observing the steady state fluorescence
esponse, changes in fluorescence lifetime, as well as, KI quenching
n the absence and presence of glucose. These fluorescence mea-
urements provide an indirect indication of changes in the protein
tructure, specifically those associated with interaction of the pro-
ein with glucose at this range of pH.

. Materials and methods

.1. Materials

d-Glucose, HEPES, acetic acid, Tris–HCl, Bis–Tris, citric acid
onohydrate (C6H8O7·H2O), boric acid (H3BO3), sodium phos-

hate dibasic (HNa2O4P), sodium phosphate monobasic mono-
ydrate (H2NaO4P·H2O) were purchased from Sigma–Aldrich (St.
ouis, MO).

.2. Biosensor and buffer preparation

The fluorescently labeled L255C GBP biosensor was prepared as
escribed in Ge et al. [7]. Buffers were prepared based on desired
oncentration and pH. To obtain desired protein (L255C GBP) envi-
onment, protein was dialyzed in specified buffers. Specifically,

 mL  of purified GBP was placed in dialysis cassettes (Slide-A-Lyzer,
hermo Scientific) and protein solution was dialyzed in 500 mL of
itrate, acetate, HEPES, Bis–Tris, Tris, phosphate or borate buffer
or 14 h (overnight) in a cold room. The buffer was  changed in the

orning and protein solution was dialyzed for 6 additional hours
n a cold room. The ionic strength for all the employed buffer solu-
ions was 20 mM.  Protein solutions were collected, filtered with
acuum filters (Nalgene 0.2 micron vacuum filters, Fisher Scientific)
o ensure buffer sterility, and were stored at room temperature in
lass bottles for no more than 24 h.
.3. Measurements of steady state GBP fluorescence

The activity of the protein was determined by using the steady-
tate fluorescence spectra with Varian Cary Eclipse fluorescence
logical Macromolecules 86 (2016) 282–287 283

spectrophotometer. The emission spectra in the range 400–650 nm
were recorded by keeping the excitation wavelength constant at
390 nm.  A 250 �L GBP sample (3.5 �M)  was placed in a quartz
cuvette and the fluorescence spectrum was  measured. The activity
and emission spectrum was then checked by adding 0.1 mM glu-
cose standard to cuvette to obtain final concentration of 0.4 �M.
After the reading is taken, this standard was added two  addi-
tional times for final concentrations of 0.8 �M and 1.2 �M and
fluorescence readings were taken for each. The glucose assay
was completed by adding 1 mM,  10 mM,  and 1 M glucose stan-
dard, respectively to the GBP sample in same manner previously
described. The final glucose concentrations after addition to GBP
solution ranged from 5.2 �M to 16 mM.  The fluorescence reading
was taken after each glucose addition.

2.4. Determination of GBP fluorescence response of GBP to glucose

As previously mentioned, GBP was labeled with Acrylodan dye
at the 255th position. Since this position is opposite the binding
site, the fluorescence intensity of the dye decreases with increasing
glucose concentration. The percent response, %R, of GBP to glucose
was calculated using the following equation:

%R =
{

(F0 − F)
F0

}
× 100 (1)

where F is the fluorescence intensity of glucose-bound GBP and F0
is the fluorescence intensity of glucose-free GBP.

2.5. Determination of fluorescence lifetime

Lifetime (�), or decay time, is the average amount of time a flu-
orophore remains in the excited state following excitation. It is a
significant property because it describes the time available for the
fluorophore to interact or diffuse in its environment. In frequency-
domain fluorometry a sample is excited with intensity-modulated
light at a high frequency. As a result of a lag existing between the
absorption and emission, emission is delayed in time when com-
pared to the modulation excitation. At each modulation frequency
(ω), this delay is described as the phase shift or phase delay (ϕω).
In addition, demodulation of the emission occurring by a factor
mω of phase angles or modulation at any frequency can be used to
calculate the lifetime using the following relationships [17]:

tanϕω = ω� (2)

and

mω =
(

1 + ω2�2
)−1/2

(3)

To determine fluorescence lifetime of the fluorophore, 250 �L
of fluorescent GGBP solution was  added to a quartz cuvette and the
frequency domain intensity data was measured using a frequency
domain fluorimeter (ISS-KOALA, Champagne, IL) with modifica-
tions. The excitation source is an LED UV3TZ-405-30405 (Bivar, Inc.)
driven by a current source. The modulation voltage was applied
through bias T. The excitation light was  filtered by 500-, 550-,
and 650 FL07 short-wave pass filters (Andover, Salem, NH). The
emission light was filtered by a 500 FH90 long-wave pass filter
(Andover). Luminescence decay data were analyzed by nonlinear
least-squares methods where �i and fi are the decay times and
preexponential factors, respectively. These measurements were
conducted three times for each of the four selected pH environ-
ments (citrate pH 3 and pH 4.5, phosphate pH 7 and borate pH

9), with and without glucose. The average lifetime was calculated
using the relation:

� = �1f1 + �2f2. . .�if i (4)
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ig. 1. The percent fluorescence response of acrylodan bound GBP at saturating
lucose (500 �M)  conditions in different buffers at their working pHs.

.6. Determination of Stern–Volmer quenching constant

Quenching is defined as the decrease in fluorescence intensity.
pecifically, collision fluorescence quenching is observed when
he excited-state fluorophore is deactivated upon collision with a
uencher and can be described by a simplified Stern–Volmer equa-
ion [17]:

I0
I

= KSV [Q ] + 1 (5)

here I0 and I are the fluorescence intensities in the absence and
resence of a concentration of quencher, [Q], respectively and KSV is
he Stern–Volmer quenching constant. Ultimately, quenching mea-
urements reveal the accessibility of the fluorophore to quenchers
n the external aqueous environment.

The quenching experiment was conducted also by adding
50 �L of fluorescent GBP solution to a quartz cuvette. The fluo-
escence spectrum for glucose-free GBP was measured using the
arian Spectrophotometer. Afterwards, 5 M KI was  added to the
BP solution and the fluorescence spectrum was recorded. The
uencher, KI, was added 1 �L at a time, up to 10 �L, to ensure a final
uencher concentration ranging from 0 to 0.01 M.  The fluorescence
pectrum was measured after each addition of the quencher. The
forementioned procedure was repeated in the presence of 250 �L
BP–Acrylodan saturated with glucose. Using Eq. (5), the quench-

ng constant was obtained from the slope of a plot of I0/I versus
Q] data collected from the steady-state fluorescence quenching

easurements.

. Results and discussion

The Acrylodan–GGBP fluorescence response to glucose in vary-
ng buffer conditions is shown in Fig. 1. The profiles in the figure
epresent the glucose induced fluorescence response in seven
uffers with pH ranging from 3.0 to 10. At saturating glucose condi-
ions (500 �M),  the maximum steady state fluorescence response
f GGBP to glucose was calculated using Eq. (1). As shown in the
gure, the weakest fluorescence response is seen in the extremely
cidic pH 3.0–3.5. Around pH 4 in both acetate and citrate buffers, a
radual increase in the fluorescence response (25 and 30%, respec-
ively) can be observed. The maximum response for GBP, occurring

round pH 4.5–5.0, is about 45%. Ultimately, as the pH ranged from
H 4.5 to 10.0, the fluorescence response of GBP plateaus.

In the spectra shown in Fig. 2, this lack of response to glucose at
H 3.0–3.5 can be easily seen where the spectra with and without
Fig. 2. Steady-state fluorescence spectra of GBP in citrate buffer at pH 3 compared
to GBP in phosphate buffer at pH 7.

glucose almost overlap (�max = 490 nm with and without glucose).
In contrast, at pH 7.0, the glucose-bound GBP (�max = 522 nm) is
easily differentiated from the glucose-free GBP (�max = 509 nm)
as shown by a decrease in fluorescence intensity as well as a
slight red-shift (∼13 nm). This is easily explained with a decrease
in hydrophobicity in the Acrylodan environment as the protein
assumes the ‘closed’ glucose-bound conformation. As the protein
wraps the glucose within the binding site, the Acrylodan, which
is on the opposite side of the binding site at the 255th position,
becomes more exposed to the aqueous environment. Note that
the same spectral changes associated with glucose binding were
observed at pH 4.5–10.0 consistent with the results in Fig. 1. Fur-
ther in Fig. 2, a blue shift in the Acrylodan emission maximum is
observed in pH 3.0 relative to pH 7.0. Additionally, the GGBP at pH
3.0 shows a broader peak and decreased fluorescence intensity than
at the higher pH. Taking into account only general solvent effects,
a blue shift in the spectrum of a polarity sensitive probe would
normally be accompanied by an increase in fluorescence intensity,
both attributed to an increase in hydrophobicity in the environ-
ment. Thus, the blue shift accompanied by fluorescence observed
in our experiments at pH 3.0 is not easily explained by general
solvent effects, however, specific solvent effects, such as hydro-
gen bonding or acid–base reactions in the site where the probe is
embedded are highly likely [17]. The strongly acidic environments
in pH 3.0–3.5 probably cause proton induced protein conforma-
tional changes that affects glucose binding to the protein and/or
‘traps’ the Acrylodan in a hydrophobic pocket. Nevertheless, the
blue shift suggests that only a partial unraveling of the protein
occurs at pH 3.0 and some structure remain as evidenced by the
hydrophobic pocket where the Acrylodan is embedded. It is also
possible that the Acrylodan functional group acts as a seed for the
formation of this hydrophobic pocket at acidic conditions.

Values of the normalized percent response for each pH were
plotted against concentrations of the unbound glucose to obtain the
binding isotherm for GBP–glucose shown in Fig. 3a. The equation
describing this isotherm is:

R

R0
= C

(C + Kd)
(6)

where Kd is the dissociation constant for the interaction between

GBP and glucose (based on the activity quotient). At the employed
low concentration range, the activity is equal to the concentration. R
is the normalized response of GBP at any glucose concentration, R0
is the normalized response at saturating glucose concentration, and
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Table 1
Dissociation constants for the interaction of GBP with glucose in different buffers at
their working pHs. Also compiled in Table are the correlation coefficients (R2) for
the  plots in Fig. 4 as well as pI values for GBP as estimated from the plots.

Buffer type pH Kd pI estimated R2

Citrate 3.0 1.15 ± 0.12 5.15 0.911
3.5  4.63 ± 0.50
4.0 8.92 ± 0.10
4.5 2.06 ± 0.13
5.0 0.95 ± 0.10
5.5 0.48 ± 0.04
6.0 0.42 ± 0.04

Acetate 4.0 3.21 ± 0.16 4.98 0.914
4.5  1.10 ± 0.11
5.0 0.88 ± 0.09
5.5 0.54 ± 0.04

Bis–Tris 6.0 0.80 ± 0.03 5.44 0.918
6.5 0.56 ± 0.05
7.0 0.50 ± 0.05

HEPES 7.0 0.73 ± 0.06 NA 0.971
7.5  1.01 ± 0.09
8.0 1.84 ± 0.10

Tris 7.0 0.45 ± 0.04 NA 0.951
7.5  0.63 ± 0.05
8.0 1.37 ± 0.13

Phosphate 6.5 0.53 ± 0.08 NA 0.912
7.0  0.55 ± 0.07
7.5 1.09 ± 0.12
8.0 1.93 ± 0.02

Borate 8.5 0.91 ± 0.09 NA 0.947
9.0  1.17 ± 0.13
ig. 3. Binding isotherms (a) and their linear plots (b) for the interaction of GBP wit
uffer  solutions.

 is the concentration of the non-bound glucose (�M),  calculated
s:

 = C0 −
(

R

R0

)
CP (7)

here C0 is the initial free glucose concentration in solution (�M)
nd CP is the protein concentration (�M).  Rearranging Eq. (7) gives
he following linear form:

C

R/R0
= Kd + C (8)

The isotherm follows a Langmuirian-type behavior where there
s a single binding site and hence the isotherm flattens out at satura-
ion conditions. This behavior was also observed by Ge et al., when
tudying the binding of the dual labeled GBP to glucose at physio-
ogical pH and different temperatures [9]. The linearized plot of the
sotherm is depicted in Fig. 3b.

Values of the dissociation constants were calculated from the
ntercepts of the relevant linear plots and were compiled in Table 1.
he correlation coefficients (R2) pertaining to the linear plots were
ll above 0.900 indicating good fit. As observed from the table,
d decreased with increasing pH in the acidic buffers (citrate and
cetate), as well as the acidic–neutral buffer (Bis–Tris). For extreme
cidic conditions between pH 3.0 and 3.5, the R/R0 value is small,
his adds some uncertainty to the calculated Kd. Nevertheless, it

ay  be gleaned that the Kd is relatively higher at these very low
H. Alternatively, under pH conditions above 7.0, Kd increased with
H. The linear plots of ln(Kd) versus pH as depicted in Fig. 4 mani-
est these effects. The values of ln(Kd) can be used to calculate the
orresponding changes in Gibbs free energy (�G, J/�mol) for the
issociation interaction using the equation:

G  = −RT ln (Kd) (9)

here R is the universal gas constant (J/�mol  K), T is the tempera-
ure in Kelvin, and Kd is the dissociation constant. The term �G  is
nstrumental in delineating the energetically favored binding inter-
ctions. As is clear from Fig. 4, binding is most energetically favored
nder slightly acidic to neutral conditions in the pH range of 5.5–7.0
here �G of dissociation is positive. Furthermore, the values of

n(Kd) converge below x = 0 in the vicinity of pH 6.0, while they
onverge at about x = 0 in the vicinity of pH 5.0. Knowing that the
soelectric point (pI) of GBP is ∼5.0 this suggests that electrostatic

nteractions play a significant role in glucose binding [18]. Under
onditions where the pH is very close to the pI the Kd values are
1.0 �M and consequently the �G  values are ≥0. From the point
f view of sensing, GBP is most sensitive (lowest limit of detection)
9.5 3.34 ± 0.04
10.0 5.12 ± 0.06

to glucose at the pH range of 5.5–7.0. As also seen in the figure,
the profiles of the slightly acidic to neutral buffers (citrate, acetate
and Bis–Tris) intersect with the x-axis near pH 5.0. The values of
the relevant intercepts provide estimated values for the pI of the
protein as given in Table 1. It has to be noted that the rationale
for determining the pI from the intercept does not apply for basic
medium (above pH 7) since it is not likely that electrostatic interac-
tion would play a significant role in binding the negatively-charged
protein (being well above its pI) to the negatively-charged glucose
(having a partially negative ring oxygen).

At pH lower than 5.5 or higher than 7.0, i.e., as the pH veers
farther from the pI, the �G of binding becomes less favorable. For

sensing purposes, it is clear that exposure to the low pH 3.0 com-
pletely eliminated the glucose sensing property of Acrylodan–GBP,
while at pH 4.5 and above, GBP still functions as a glucose biosen-
sor, albeit the sensitivity decreases slightly at the more basic
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4.3–4.4 ns without glucose and 1.8–3.4 ns with glucose (Fig. 6).

F

ig. 4. Plots of lnKd versus pH for the binding of GBP to glucose in the different
mployed buffers.

ange. Under the highly acidic conditions, the protein appears to
e incapable of the expected conformational changes associated
ith glucose binding. In fact, the fluorescence spectra suggests
he Acrylodan is ‘trapped’ in a hydrophobic pocket distinct from
he conformations at pH ≥ 4.5, either for the glucose-free or the
lucose-bound.

ig. 5. Frequency domain lifetime measurements of GBP in pH 3 citrate buffer with and w
Fig. 6. Frequency domain average lifetime measurements of acrylodan bound GBP
in the absence and presence of glucose.

The frequency domain lifetime measurements depicted in
Figs. 5 and 6, confirms the minimal response of GBP to glucose
at pH 3.0. Biexponential decay fits the frequency domain lifetime
measurements at all pH ranges based on nonlinear least squares
calculations (Supplemental data 2). For simplicity’s sake, the aver-
age lifetimes, calculated from Eq. (4), for pH 3.0 with and without
glucose are about 2.0 ns, while for pH 4.5–9.0, the lifetimes are
From the collected data it can be presumed that at pH 3.0, the
GBP (and by consequence, the Acrylodan) assumes a conformation
where addition of glucose has no effect, although, we have no way

ithout glucose (a), as well as pH7 phosphate buffer with and without glucose (b).
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Table  2
Stern–Volmer quenching constant (Ksv) of Acr-GBP in the absence and presence of
glucose in varying pH.

GBP pH condition Ksv (M−1)

pH 3.0 12.35
pH 3.0 + glucose 12.42
pH 4.5 5.24
pH 4.5 + glucose 6.75
pH 7.0 4.77
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pH 7.0 + glucose 5.30
pH 9.0 4.00
pH 9.0 + glucose 5.05

f knowing if indeed the glucose fails to attach to the binding site.
nterestingly, when both steady-state and time-resolved data are
onsidered, this conformation at pH 3.0 appears to be distinct from
hat of the glucose-free and glucose-bound conformations at pH 4.5
nd higher. A mix  of these conformations can be gleaned between
H 3.0 and 4.5 in Fig. 1.

Quenching experiments with KI shows the same Ksv at pH 3.0
ith and without glucose. At pH 4.5 and higher, the Ksv is higher
ith glucose than without glucose (Table 2). These results are again

onsistent with the steady state and time- resolved fluorescence
esults above. The quenching efficiency at pH 3.0 is greater than
ither the glucose-bound or glucose-free GBP at higher pH. This is
o be expected because the negatively-charged I− readily quenches
he Acrylodan embedded in the highly protonated/positively-
harged protein. However, no static quenching was  observed from
he lifetime data (not shown), which indicates the quenching is
iffusion-controlled even in these conditions.

. Conclusion

Previous studies involving electron density maps revealed selec-
ive GBP–glucose binding with formation of hydrogen bonds
etween the side polar groups located in the two  globular domains
f the protein and both hydroxyl and ring oxygen groups on the
lucose [5,6]. As suggested by Borrok et al., in the absence of glu-
ose, the open-form structure of the protein is stabilized by water
olecules filling the binding site. In the presence of glucose, hydro-

en bonding interactions involving water molecules again play a
ole in the transition from open to closed states [6]. This concept
f the open and closed conformations fit our data at mildly acidic
o basic conditions. However, our results indicate that besides the
pen and closed conformational states, a third one can be induced
y highly acidifying the environment of the protein.

The fluorescence data supports this third structure as distinct
rom the open and the closed structures. This conformational state
s incapable of responding to the presence of glucose. Fonin, et al.,
imilarly observed the loss of glucose response at pH 2.8 in the GBP
abeled with BADAN in the 152-position [19]. The 152-position is
n close proximity to the binding site and is opposite to the 255-
osition in this paper. A loss of protein structural integrity was
oncluded by this group because of the red-shift and decrease in

ntensity of the BADAN fluorescence. In contrast, our fluorescence

easurements suggest that there is loss in glucose response but the
rotein does not undergo a full random unfolding. The blue shift in
uorescence maximum emission supports this. But most notable

[
[

logical Macromolecules 86 (2016) 282–287 287

is the biexponential fit of the decay data. Random unfolding would
have resulted in nonexponential decay.

Binding of glucose to GBP was  found to be energetically favored
at slightly acidic to neutral conditions. That is, pHs close to the
isoelectric point of GBP (∼5.0). Therefore, a balance between the
positive and negative charges on the protein is important for the
protein to readily transition from the open to an energetically sta-
bilized closed conformation. On the other hand, as the conditions
become more basic, glucose binding becomes less energetically
favored but not to a point where it is no longer possible. In fact,
once the protein transitions to the closed conformation in the pres-
ence of glucose based on our fluorescence data, the structure at the
basic pH is almost indistinguishable from the closed conformation
at neutral pH. Finally, our findings indicate that slightly acidic to
neutral pH range is ideal for use of GBP as a biosensor.
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