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Abstract

We report the design and engineering of a robust, reagentless fluorescent glucose biosensor based on the
periplasmic glucose-binding protein obtained from Thermotoga maritima (tmGBP). The gene for this
protein was cloned from genomic DNA and overexpressed in Escherichia coli, the identity of its cognate
sugar was confirmed, ligand binding was studied, and the structure of its glucose complex was solved to
1.7 A resolution by X-ray crystallography. TmGBP is specific for glucose and exhibits high thermo-
stability (midpoint of thermal denaturation is 119 £ 1°C and 144 = 2°C in the absence and presence of
I mM glucose, respectively). A series of fluorescent conjugates was constructed by coupling single,
environmentally sensitive fluorophores to unique cysteines introduced by site-specific mutagenesis at
positions predicted to be responsive to ligand-induced conformational changes based on the structure.
These conjugates were screened to identify engineered tmGBPs that function as reagentless fluorescent
glucose biosensors. The Y13CeCy5 conjugate is bright, gives a large response to glucose over
concentration ranges appropriate for in vivo monitoring of blood glucose levels (1-30 mM), and can
be immobilized in an orientation-specific manner in microtiter plates to give a reversible response to
glucose. The immobilized protein retains its response after long-term storage at room temperature.
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Bacterial periplasmic binding proteins (PBPs) are mem-
bers of a superfamily that mediate chemotaxis and uptake
of sugars, amino acids, oligopeptides, and metals (Ames
1986). The binding pocket of each PBP is located
between two domains, which are linked by a hinge region
(Quiocho and Ledvina 1996). Upon ligand binding, PBPs
undergo a conformational change mediated by a hinge-
bending event to adopt a closed form. Mesophilic PBPs have
been successfully engineered as reagentless fluorescent
(Gilardi et al. 1994; Tolosa et al. 1999; Dattelbaum and
Lakowicz 2001; Marvin and Hellinga 2001a) and electro-
chemical (Benson et al. 2001) biosensors. Their specificity
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has been manipulated extensively by rational design
(Dwyer et al. 2003, 2004; Looger et al. 2003; Allert et al.
2004). Here, we have identified, characterized, and deter-
mined the crystal structure of a thermostable periplasmic
glucose-binding protein (tmGBP) from the thermophile
Thermotoga maritima (Huber 1986) and engineered it into
a reagentless fluorescent glucose biosensor.

Close monitoring of blood glucose is essential to
prevent chronic diabetic complications caused by hypo-
and hyperglycemic conditions (Hoffman 2004; Xu et al.
2005). Development of glucose sensors to monitor blood
glucose levels in a reliable, continuous, rapid, and
automated fashion remains a major goal for the manage-
ment of diabetes (Moschou et al. 2004). Current glucose
monitoring technologies include fluorescent sensors (de
Lorimier et al. 2002; Karnati et al. 2002; Ye and Schultz
2003), colorimetric sensors (Yamazaki et al. 2000),
microdialysis probes (Keck et al. 1991), electroenzymatic
sensors (Clark Jr. and Duggan 1982), and polymer sensors
(Chen et al. 1997). The most successful commercial
blood glucose sensors so far are colorimetric sensors
based on the glucose oxidase (Manstein et al. 1986).
However, these sensors require aggressive finger sticks,
which limit their application (Ervin and Kiser 1999). The
development of reliable in vivo glucose sensors therefore
remains an important challenge.

Reagentless fluorescent biosensors may offer advan-
tages over enzyme-based biosensors for glucose, because
no component is depleted or produced during sensing and
the sensor composition does not change (Hellinga and
Marvin 1998). A variety of proteins have been engineered
to develop reagentless fluorescent glucose sensors
(Scognamiglio et al. 2004), including bacterial glucose
oxidase (D’ Auria et al. 1999), glucokinase (D’ Auria et al.
2002), glucose dehydrogenase (D’ Auria et al. 2000), and
periplasmic glucose-binding protein (Salins et al. 2001;
de Lorimier et al. 2002).

An optimal biosensor requires several features such as
high specificity, response within the dynamic range of
blood glucose fluctuation (1-20 mM), fast response, high
reproducibility, and robustness under operating condi-
tions. In vivo use imposes additional requirements such as
biocompatibility, immunogenicity, sterility, and long-
term stability in physiological environments (Moschou
et al. 2004). Although previously developed glucose
sensors fulfill many of these requirements, none are
wholly satisfactory (Kerner 2001). Owing to their robust
nature, proteins from thermophiles have long been widely
applied in industry (Antranikian 2005). Recently, glucose
dehydrogenase from thermophilic Thermoplasma acid-
ophilum and glucokinase from thermophilic Bacillus
stearothermophilus have been utilized to build thermo-
stable fluorescent glucose sensors (D’Auria et al. 2000,
2002). The tmGBP-based glucose biosensor presented

here provides suitable improvements (including thermal
and long-term stability) over reagentless fluorescent sen-
sor technologies based on Escherichia coli GBP (Salins
et al. 2001; de Lorimier et al. 2002).

Results and Discussion

Cloning of glucose-binding protein from
Thermotoga maritima

T. maritima is a gram-negative bacterium that grows
optimally at 80°C and was originally isolated from hot
marine mud at Vulcano, Italy (Huber 1986). The genomic
sequence of T. maritima (Nelson et al. 1999) contains
seven open reading frames (ORFs) annotated as putative
periplasmic sugar-binding proteins, among which tm0114
encodes a protein showing the highest sequence homol-
ogy with E. coli glucose/galactose-binding protein
(ecGBP, 25% sequence identity and 42% sequence sim-
ilarity for the 201 residues that can be aligned). The
tm0114 ORF from the genomic DNA of T. maritima with
its N-terminal signal peptide predicted (the first 31
residues) and removed was cloned into the pET2la
(Novagen) expression vector, with a C-terminal in-frame
hexahistidine oligopeptide tag for immobilized metal
affinity chromatography (de Lorimier et al. 2006). The
protein product of this ORF, tmGBP, was overexpressed
in BL21-DE3-Rosetta cells (Novagen) at 2 mg/L and
purified.

Identification of the cognate ligand

Ligand binding can be detected readily by measuring the
effect of ligand on protein thermostability (Schellman
1975; Simpson et al. 1991). The thermostability of
tmGBP in the absence of ligand and in the presence of
different monosaccharides was measured to explore
tmGBP binding specificity, using circular dichroism
(CD) to follow the native state as a function of temper-
ature (Schellman 1975). In the absence of chemical
denaturant, tmGBP does not unfold below 100°C. How-
ever, thermal denaturation transitions can be observed
in the presence of guanidine hydrogen chloride (GuHCI;
3-6 M, incubated for 48 h at room temperature prior to
measuring thermal melts). The T, values exhibit a linear
dependence on GuHCI concentration (Fig. 1B), permit-
ting the T, value in the absence of GuHCI to be estimated
by extrapolation. TmGBP stabilities were determined
in the presence of several candidate monosaccharides
(glucose, mannose, galactose, ribose, and allose). In the
presence of 5 M GuHCI, 1 mM glucose, 10 mM mannose,
and 50 mM galactose stabilize tmGBP by 19°C, 10°C,
and 3°C, respectively (data not shown). Ribose and allose
do not stabilize tmGBP. TmGBP is therefore characterized
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Figure 1. Thermostability of tmGBP. (A) Thermal denaturation of tmGBP
in 6 M guanidine hydrogen chloride: (@) in the absence of glucose; (M) in
the presence of 1 mM glucose. Continuous lines are fit to a two-state
transition model (Schellman 1987). (B) Thermostability in buffer was
obtained by linear extrapolation of melting transition midpoint determined:
(@) in the absence of glucose; (M) in the presence of 1 mM glucose.
Straight lines represent linear fits to the data.

as a glucose-binding protein, since glucose is the most
stabilizing ligand. The T, values of tmGBP in the presence
of 1 mM glucose also exhibit linear dependence on GuHCl
concentrations (Fig. 1B).

Crystal structure of tmGBP

The X-ray crystal structure of tmGBP-glucose complex
was determined to 1.7 A resolution. The structure was
solved by molecular replacement using the ligand-bound
E. coli ribose-binding protein (ecRBP, pdb code 2DRI) as
a model and refined to an Rg... = 23.8% and an R,,o =
19.7% with good stereochemistry (Table 1). The model
contains two monomers, two glucose molecules, and 668
water molecules. Monomers A and B are intact (residues
1-305), with monomer A displaying additional electron
density for the C-terminal histidine tag encoded by the
expression vector. Monomer B exhibits higher average
temperature factors and is not as well-ordered as mono-
mer A, perhaps due to differences in crystal packing.
The overall structure of tmGBP is similar to that of
other ligand-bound Class I periplasmic binding proteins
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(Fukami-Kobayashi et al. 1999), consisting of two
domains, each comprised of a central parallel B-sheet
surrounded by several a-helices, connected by a three-
stranded hinge (Fig. 2A). The glucose-binding pocket is
buried at the interface of the two domains. Based on the
DALI server (Holm and Sander 1993), tmGBP exhibits
the highest structural similarity to ecRBP with 1.5 A
RMSD for Ca atoms. Superposition of the tmGBP
structure with the crystal structures of ecGBP (pdb code
2GBP) revealed 1.9 A RMSD for Ca atoms. The tmGBP
structure diverges from ecRBP and ecGBP mostly in
variable surface loop regions and lacks the calcium-
binding site present in ecGBP.

Unambiguous electron density in the ligand-binding
pocket of the tmGBP structure reveals that the (-D-
glucose molecule is bound in a single conformation in the
chair configuration, as in other glucose-binding proteins.
As in all sugar-binding PBPs, the glucose forms extensive
van der Waals contacts with aromatic rings of Y13 and

Table 1. Data collection and refinement statistics of tmGBP

Data collection
Beamline
Wavelength (10%)
Cell dimensions (A) (C2)

NSLS X25
1.0357
a= 1482 A, b =46.1A,
c=1184 A, B = 108.2°
Resolution (A) 1.7

Measured reflections 257,298
Unique reflections 79,951
Completeness (%)* 95.1 (88.9)
Ryym (%)" 5.8 (39.3)
Runeas (%)° 6.9 (47.7)
Redundancy 3.2 (2.8)
Ilo(D) 9.8 (2.0)
Refinement
Resolution (A) 50.0-1.7

Number of reflections:

Working set/test set 75,919/4030

R-factor? 20.1 (30.2)

Rfree’ 23.9 (33.9)
Number of non-hydrogen atoms

Total 5420

Solvent 720
RMSD

Bond lengths (A) 0.01

Bond angles (°) 1.3
Average B-factor (Az):

Molecule A 20.1

Molecule B 40.3

Ligand 224

Solvent 40.3

“Numbers in parentheses represent values in the highest resolution shell
(1.70-1.75 A).

"Rym = S|l — <I>[/21, where I = observed intensity, and <I> = average
intensity obtained from multiple measurements.

©Rieas as defined by Diederichs and Karplus (1997).

dR-factor = 3| Fops| — [Feate|l/2|Fops|-

° Riree: R-factor based on 5% of the data excluded from refinement.
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Figure 2. Crystal structure of tmGBP. (A) The overall structure complexed with glucose (ball and stick) including sites of cysteine
mutations for fluorophore attachment (magenta spheres). (B) Close-up view of the binding pocket: (green: glucose; dashed line:
hydrogen bonds). The figure was generated using MOLSCRIPT (Kraulis 1991) and RASTER3D (Merritt and Murphy1994).

Y 189 located at either side of the sugar ring. An extensive
hydrogen-bond network between the sugar hydroxyl
groups and binding-site residues forms an annulus of
interactions approximately coincident with the sugar
plane (Fig. 2B), as observed in other glucose-binding
proteins (Vyas et al. 1994; Cuneo et al. 2006). W14 lies
perpendicular to the glucose molecule and forms a
hydrogen-bond interaction with the O4 hydroxyl of the
sugar. The arrangement of aromatic residues in tmGBP
around its ligand is similar to that observed in ecRBP
(Bjorkman et al. 1994), E. coli allose-binding protein
(Chaudhuri et al. 1999), and ecGBP (Vyas et al. 1994).
Modeling of a galactose molecule in the tmGBP binding
pocket suggests that having the O4 hydroxyl in an axial
position results in a loss of hydrogen-bonding potential
with the imino nitrogen of W14 and would interfere with
optimal stacking interactions with the aromatic ring of
Y189. Every hydroxyl group of the sugar except for the
06 moiety is involved in cooperative hydrogen-bond
interactions while the ring oxygen is within hydrogen-
bonding distance to the main-chain amide of A190.
Binding-site residues K8, D88, N136, R140, and E163
serve as bidentate ligands to the bound glucose. There are
no direct water-mediated contacts to the glucose molecule.

The X-ray crystal structures of three periplasmic
glucose-binding proteins have been solved: mesophilic
ecGBP (Vyas et al. 1994), thermophilic tmGBP, and
Thermus thermophilus GBP (ttGBP) (Cuneo et al.
2006). A number of commonalities and differences in
sugar recognition and modes of structural adaptation to
accommodate different sugars emerge. First, three water-
mediated hydrogen bonds in ecGBP are not observed in
the thermophilic GBPs. Second, all of the hydrogen-

bonding potential of the sugar hydroxyls is fully satisfied
in both ecGBP and ttGBP, while the O6 hydroxyl of
tmGBP is unsatisfied, consistent with the observation that
tmGBP binds xylose (Nanavati et al. 2006). Third,
tmGBP is most closely related in sequence and structure
to ecRBP, a class I PBP, suggesting that ribose- and
glucose-binding sites in this subclass are readily inter-
converted. TtGBP belongs to the class IT PBP family and
is closely related to ecMBP, a disaccharide-binding pro-
tein, and reveals adaptations that interconvert to mono-
and disaccharide-binding proteins. Fourth, ecGBP has a
calcium-binding site, which is absent in both tmGBP
and ttGBP. These results demonstrate that there are multi-
ple pathways for evolving glucose-binding sites within
the PBP superfamily.

Structure-based design of fluorescent glucose biosensors

Structure-based protein design has been used to introduce
covalently coupled fluorescent reporter groups into bind-
ing proteins (Dwyer and Hellinga 2004; Medintz and
Deschamps 2006) and manipulate the dynamic range of
the ligand-dependent response of the resulting sensors
(Marvin et al. 1997; de Lorimier et al. 2002). PBPs can
be converted into reagentless fluorescent biosensors by
covalently coupling single, environmentally sensitive,
thiol-reactive fluorophores to cysteines introduced at
critical positions that couple ligand-mediated conforma-
tional transitions to changes in fluorescence emission
intensity by a variety of mechanisms (Marvin et al. 1997,
Dattelbaum and Lakowicz 2001; de Lorimier et al. 2002).
Three types of fluorophore attachment positions have
been identified (de Lorimier et al. 2002): endosteric
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(ligand and fluorophore are in direct contact), peristeric
(fluorophore is located at the periphery of the binding
site), and allosteric (fluorophore is positioned some dis-
tance away from the binding site and responds to long-
range conformational changes).

Endosteric (Y13C, WI14C, and Y189C), peristeric
(S131C), and allosteric (M239C) sites were identified
by inspection of the tmGBP structure (Fig. 2A). Cysteine
mutations were introduced at these positions by the
PCR overlap method (Ho et al. 1989). The glucose-
induced change of fluorescence emission intensity of
environmentally sensitive thiol-reactive fluorophores
(N,N'-dimethyl-N-[iodoacetyl]-N'-[7-nitrobenz-2-oxa-
1,3-diazol-4-yl] ethylenediamine [IANBD], acrylodan,
Cy5, and Cy3) conjugated at each cysteine mutant was
determined (Table 2). Changes in the emission intensity
were characterized by three parameters (de Lorimier et al.
2002): the wavelength shift of the emission maximum, the
direction of intensity change (increase or decrease), and the
magnitude of the change (AFnax = | [Fsat — Fapol / Fapo | X
100%, where Fg, and F,y, are fluorescence intensity of
saturated and apo form at the wavelength with maximal
intensity change, respectively). All cysteine mutants except
M239C exhibited significant glucose-induced signal
changes (AF .« > 50%) with at least one fluorophore.
The glucose affinity for each conjugate that exhibits a
measurable change (AF..x > 10%) was determined by
titration (Table 2).

The glucose-binding affinity of wild-type tmGBP could
not be determined since no change in tryptophan fluo-
rescence was observed upon glucose addition. The affin-
ities of the conjugates follow the trends expected for the
attachment points: allosteric > peristeric > endosteric.
The allosteric M239Ceacrylodan conjugate showed the
highest affinity to glucose (Kg = 12.7 = 0.9 nM). M239 is
located under the C-terminal “flap” (Fig. 2A) of tmGBP.
The flap region may undergo rearrangements upon
glucose binding that induce the environmental change
around M239C. The binding affinity of wild-type PBPs
is generally determined as 0.1-1 uM (de Lorimier et al.
2002); so most likely M239Ceacrylodan leads to a tighter
glucose binding than wild-type tmGBP. Allosteric fluo-
rescent conjugates positioned at or close to the hinge
region of PBPs often exhibit higher binding affinity than
wild-type proteins, because bulky fluorophores at these
positions perturb the ligand-free open form of PBPs and
hence stabilize the ligand-bound closed form (Marvin
et al. 1997; Marvin and Hellinga 2001b).

Located in the “jaw” of the binding pocket (Fig. 2A),
the K4 value (18.1 = 1.4 uM) of the SI31CeIJANBD
peristeric conjugate is most likely larger than that of wild-
type tmGBP (estimated to be 0.1-1 wM), probably
because the bulky conjugated fluorophore destabilizes
the ligand-bound closed form of tmGBP. S131C°IANBD
exhibits the largest signal change (AF.x = 790%)
among all conjugates tested. A Stern-Volmer (SV) iodine

Table 2. Spectral and binding properties of tmGBP conjugates at 25°C, with 150 mM NaCl, 20 mM MOPS, and pH 7.0

Mutant Steric category® Fluorophore Nmax, apo Nmax, sat Inc/dec® AF ax Ky Standard error
Y13C e Cy5 667 674 — 47% 15.3 mM 1.8
Cy3 567 571 + 16% 2.6 mM 0.2
IANBD 546 552 + 160% 3.6 mM 0.3
Acrylodan 500 500 — 2% nd® nd
W14C e Cys 668 668 - 4% nd nd
Cy3 567 567 nc 0 nd nd
IANBD 546 548 - 30% 0.87 mM 0.08
Acrylodan 496 503 - 59% 96.6 uM 8.4
S131C p Cys 668 668 nc 0 nd nd
Cy3 567 567 + 10% 119.5 uM 139
TANBD 548 544 + 790% 18.1 uM 1.4
Acrylodan 510 503 + 52% 52.1 puM 4.7
Y189C e Cy5s 666 666 - 10% 71.6 mM 11.7
Cy3 569 568 + 25% 48.5 mM 5.0
IANBD 545 545 + 29% 147.7 mM 14.7
Acrylodan 515 494 + 230% 7.8 mM 0.2
M239C a Cys 665 665 nc 0 nd nd
Cy3 571 571 + 2% nd nd
TANBD 544 542 + 4% nd nd
Acrylodan 500 496 + 20% 12.7 nM 0.9

#(a) Allosteric, (e) endosteric, (p) peristeric.

Inc/dec: increase (+), decrease (—), or no change (nc) in maximum fluorescence intensity upon ligand binding.

“nd: Binding constant is not determined because AF,,,, is too small.

2244 Protein Science, vol. 16



Thermostable glucose biosensor

quenching experiment was performed to further probe the
origin of the change in emission intensity of this con-
jugate. The quenching constant, Kgy, was determined as
2.4 M " and 1.6 M in the apo- and ligand-saturated
forms, respectively (data not shown). The observations
suggest that TANBD is less accessible to solvent in the
glucose-binding closed form than in the glucose-free
open form. However, the 7.9-fold increase of fluores-
cence intensity is probably not due solely to a change in
solvent accessibility. The D95CeNBD conjugate of E. coli
maltose-binding protein (ecMBP) also shows a large
change upon ligand binding. Computational modeling in
combination with mutagenesis experiments suggests that
a ligand-induced change in hydrogen-bonding interaction
between NBD and ecMBP is the dominant factor account-
ing for the magnitude of the fluorescence intensity change
(Dattelbaum et al. 2005). The mechanism of fluorescence
change of tmGBP SI131CeJANBD also may involve
changes in hydrogen-bonding interactions.

The endosteric mutations Y13C, W14C, and Y189C
are located within the binding pocket of tmGBP. Y13 and
Y189 sandwich glucose; W14 is involved in a hydrogen-
bonding interaction with glucose. All endosteric conju-
gates have Ky values in the millimolar range, indicating
that glucose binding is strongly perturbed by the intro-
duction of the fluorophore into the binding pocket, as
expected (Marvin et al. 1997; de Lorimier et al. 2002).

The effect of temperature on glucose-binding affinity
was studied for selected conjugates (Fig. 3). Remarkably,
Y I13CIANBD exhibits little change in affinity from 25°C
to 65°C. Y13CeCy5 and Y189Ceacrylodan both show
decreases in Ky values with an increase of temperature.
W14CeIANBD and S131CeIANBD both have a binding
optimum at 45°C. The temperature-dependent changes of

100 T T T T

10 | R
4/———'

Ks(mM)

01 4

0.01 1 i ! i
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10°/Temperature (K™)

Figure 3. Temperature dependence of glucose affinity for selected
fluorescent conjugates (20 mM MOPS and 150 mM NaCl, pH 7.0). (@)
Y13CeCy5, (H) Y13CeIANBD, (®) W14CeIANBD, (A) S131CeIANBD,
(V) Y189CeAcrylodan. Data points are connected by lines.

the apparent Ky of these conjugates are impossible to
predict a priori or to interpret by simple physicochemical
models because many factors are involved, including the
effects on ligand binding and solvation, intrinsic fluo-
rescence of the fluorophore, and intrinsic equilibrium
between the open and closed states. The differences
observed for the same fluorophore in different conjugates
strongly suggests that among these mechanisms, the inter-
action between fluorophore and protein plays the dominant
role in the temperature-dependent effects.

Hydrogen-bonding interactions between the sugar
and protein

The interactions between glucose and tmGBP were
studied with the peristeric S131CeIANBD conjugate
because it has reasonable binding affinity and a large
ligand-induced fluorescent signal increase. Hydrogen-
bonding contributions were probed using epimers that
have a ring hydroxyl in the opposite configuration of
glucose (mannose, allose, and galactose), and deoxy
sugars (2-deoxyglucose, 3-deoxyglucose, and 6-deoxy-
glucose). The five-carbon sugar xylose was used to probe
the contributions of the C6 carbon and hydroxyl group. In
addition to the effect on affinity, different sugars also
exhibited differences in the measured magnitudes of
fluorescence intensity change (Table 3).

The deoxysugar 2-deoxyglucose exhibits a 100-fold
decrease in binding affinity, consistent with a loss of
hydrogen-bonding interactions between the glucose O2
hydroxyl group and D88, R140, and N235. The 2-OH
epimer mannose binds tmGBP with similar affinity as 2-
deoxyglucose, suggesting that all the hydrogen-binding
interactions at the O2 hydroxyl are also missing. Similarly,
3-deoxyglucose and the 3-OH epimer allose both exhibit
a >2000-fold decrease in affinity, consistent with the
observed hydrogen bonds between K8, D88, N136, and
the 3-hydroxyl. The 4-OH epimer galactose exhibits a
100-fold decrease in affinity consistent with a loss of a
hydrogen bond to W14, whereas ecGBP and ttGBP both
bind glucose and galactose. The loss of O6 in 6-deoxy-
glucose results in a tighter binding, presumably because the
glucose 06 does not interact with neighboring residues, and
6-deoxyglucose is less bulky than glucose. The removal of
both the C6 carbon and O6 hydroxyl in xylose results in a
twofold decrease in binding affinity, indicating that tmGBP
binds xylose tightly, consistent with previous observations
(Nanavati et al. 20006).

A glucose biosensor based on the YI3C*Cy5 conjugate

Y 13CeCy5 exhibits a 50% decrease in emission intensity
and a 7-nm wavelength shift in response to glucose. This
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Table 3. Binding affinity and fluorescence change of S131CeIANBD responding to different sugars (25°C, 150 mM

NaCl, 20 mM MOPS, and pH 7.0)

Ligand Molecular Structure Ky AF .,y
D-(+)-Glucose HO ¢ 18.1+ 1.4 pM +790%
O
4 KOH ! OH
OH3 |2
OH
D-(+)-Galactose HO. 12.0 0.5 mM +230%
ob—o
4 K OH OH
OH
D-(+)-Mannose HO 1.34 £ 0.08 mM +580%
OH 2
B-D-Allose* HO > 50 mM > +260%
0 H
3
H
OHOH
2-Deoxy-D-(+)-Glucose HO. 0.94+0.07 mM +570%
OH & OH
OH 2
3-Deoxy-D-(+)-Glucose* HO. > 40 mM > +240%
3 OH
OH
OH
6-Deoxy-D-(+)-Glucose 6CH3 2.85+0.30 uM +820%
OH *SaamnoH
OH OH
D-(+)-Xylose 5.0 332+3.5uM +830%
OH OH
OH
OH

(*) The binding curve did not saturate with the highest amount of ligand added, so K4 can only be estimated as greater than a certain

value.

conjugate is a promising candidate for developing a
deployable glucose sensor: at 37°C, Y13CeCy5 binds
glucose with a K4 of 5.6 = 0.7 mM (Fig. 4), permitting
determination in the 1-30 mM range within 5% accuracy
(Marvin et al. 1997), which matches the dynamic range
of physiological blood glucose concentration fluctuation
(euglycemia, 4-6 mM [Nasraway Jr. 2006]; hypoglyce-
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mia, <3 mM [Warren and Frier 2005]; hyperglycemia,
>7 mM [Picardi and Pozzilli 2003]); the fluorescent
Cy5 probe has near-infrared emission and excitation
wavelengths, which fall within the transparency window
where autofluorescence from blood and tissue do not
interfere with its signal (Pickup et al. 2005); its emis-
sion wavelength shift enables ratiometric measurement
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Figure 4. Fluorescent response of the Y13CeCy5 conjugate upon glucose
titration (20 mM MOPS and 150 mM NaCl, pH 7.0, 37°C). (Inset)
Emission spectra of this conjugate in the absence (solid line) and presence
(dashed line) of 140 mM glucose. (Bottom) Fit to a hyperbolic binding
isotherm.

(*PPKy = 2.7 = 0.4 mM, determined with the ratio of
emissions at 666 nm over emissions at 700 nm), which
permits self-calibration (Lakowicz 1999); and it is very
bright (extinction coefficient = 25,000 M! cm_l). One
limitation of Y13CeCyS5 is the temperature dependence of
glucose affinity (data were fit as InKy; = —16.82 + 5888.5 X
(1/T), s0 8K4/8T = —0.54 mM K" at 37°C), which requires
temperature monitoring to ensure accuracy.

Immobilization of Y13CeCy5

Protein immobilization is critical for biosensor device
construction (Cao 2005). The effects of semi-specific and
orientation-specific immobilization on the sensing prop-
erties of the Y13CeCy5 conjugate were investigated. For
semi-specific immobilization, the Y13CeCy5 conjugate
was reacted with an NHS ester derivative of biotin that
couples to the primary amine of exposed lysine. Mass
spectrometry showed that on average each protein was
modified by two biotins. Conjugation of biotin had no
effect on K4 and AF,,,, in solution (data not shown). The
biotinylated protein was then immobilized on 96-well
streptavidin-coated microtiter plates. The immobilized
protein exhibited an 18% maximal decrease in fluores-
cence intensity upon addition of glucose compared with
the 47% maximal decrease observed in solution. Glucose
titrations revealed that the immobilized protein has Ky
values of 2.7 = 0.3 mM at 25°C and 0.9 = 0.2 mM at
37°C (data not shown), the same trend of the temperature
dependence as observed in solution (Kq = 15.3 £ 1.§ mM
at 25°C, and K4 = 5.6 = 0.7 mM at 37°C). Taken
together, these observations are consistent with a model

in which immobilization slightly affects the intrinsic
equilibrium between the open and closed states of binding
proteins, favoring the closed state and thus increasing the
affinity for glucose and decreasing the fluorescence response.

As reported previously, N- or C-terminal fusions of
Y 13CeCyS5 with a His,Cys, zinc finger domain (Zif) were
used for orientation-specific immobilization (de Lorimier
et al. 2006). In solution, tmGBP-Y13C-NZif exhibits
almost the same K4 and AF,,,, values as tmGBP without
a zinc finger fusion, whereas tmGBP-Y 13C-CZif shows a
1.5-fold decrease in glucose affinity. Upon immobiliza-
tion, both tmGBP-Y13C-NZif and tmGBP-Y13C-CZif
exhibit a twofold decrease in AF,,,, and two- and four-
fold increases in affinity compared with fusion proteins in
solution, respectively (de Lorimier et al. 2006).

Robustness and reversibility of the YI3CeCy5
glucose sensor

The thermostability of Y13CeCy5 and long-term stability
in solution or on surfaces were determined to study the
robustness of this sensor. Thermal melts of Y13CeCy5
determined in the presence of 3-5 M GuHCIl by CD
revealed that the T,, value in buffer is 114(%2)°C (data
not shown), only 5°C less stable than the wild-type
tmGBP. To test the long-term stability in solution,
Y13CeCy5 was stored for 2 mo at 4°C, followed by
fluorescence titration at 37°C. This stored protein exhi-
bited a K4 = 6.0 = 0.6 mM, AF,,., = —43%, compared
with Ky = 5.6 = 0.6 mM, AF,,.x, = —51% for freshly
prepared sample. Long-term stability on surfaces was
tested with immobilized Y13CeCy5 that had been stored
at room temperature for 1 mo. Stored Y13CeCy5 behaved
nearly identically to freshly immobilized protein (Fig. 5:
Kq=2.7 0.3 mM, AF,.,x = —18% for fresh plate; K4 =
3.3 £ 0.7 mM, AF,,., = —16% for 1-mo-old plate).
The reversibility of glucose binding was tested for
orientation-specifically immobilized Y13CeCy5 (tmGBP-
Y13C-CZif) on maleimide-derivatized plates (de Lori-
mier et al. 2006). Immobilized tmGBP-Y13C-CZif was
titrated with glucose, repeatedly rinsed with buffer to
remove bound glucose, and followed by another glucose
titration. Five such cycles showed that glucose binding of
immobilized Y13CeCy5 is completely reversible (Fig. 6).

Conclusions

Here, we report the cloning, expression, structural
study, and biochemical characterization of tmGBP. The
thermostable tmGBP protein was successfully converted into
a series of fluorescent glucose biosensors with different
fluorescent responses and dynamic ranges. These tmGBP-
based fluorescent biosensors are sensitive, rapid, continuous,
reproducible, and reversible. In contrast to enzymatic
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Figure 5. Fluorescence titration of semi-specifically immobilized
Y13CeCy5 (20 mM MOPS and 150 mM NaCl, pH 7.0, 25°C). (H)
Freshly immobilized protein, (@) immobilized proteins with 1 mo of
storage at room temperature. Continuous lines are fit to a hyperbolic bind-
ing isotherm on a semi-log plot.

glucose sensors constructed from glucose oxidase (Abel and
von Woedtke 2002), these tmGBP-based fluorescent sensors
are reagentless. The Y13CeCy5 conjugate exhibits a high
specificity for glucose, ratiometric fluorescent change in the
near-infrared excitation and emission wavelength range, and
responds over a glucose concentration range (1-30 mM) that
covers the clinically relevant blood glucose levels; hence, it
is the best candidate as a glucose biosensor.

Materials and Methods

Molecular cloning and protein purification

The tm0114 gene of Thermotoga maritima was cloned from
genomic DNA. The N-terminal periplasmic signal peptide
sequence of tm0114 was predicted using the software SignalP
(Bendtsen et al. 2004). The rm0I14 gene without its signal
peptide and an additional C-terminal Gly-Ser-(His)e tag was
amplified from 7. maritima genomic DNA (American Type
Culture Collection [ATCC]) by PCR. The whole gene was
designated wild-type tmGBP. Amplified product was cloned
into a pET21a vector (Novagen) using 5" Ndel and 3" EcoRI
restriction sites and verified by DNA sequencing. Cysteine
mutations were generated by overlapping PCR mutagenesis
(Ho et al. 1989). Proteins were produced by overexpression in
the Rosetta-gami(DE3)pLysS strain (Novagen) that contains
rare tRNA genes. Transformed cells were fermented in Terrific
Broth medium (Research Products International Corp.) at 37°C
and induced with 1 mM IPTG at ODgo9 = 0.6, and grown for
3 h at 44°C prior to harvesting by centrifugation. Proteins were
purified from a cleared lysate by immobilized metal affinity
chromatography (IMAC) as described (de Lorimier et al. 2002).
Following affinity purification, the wild-type tmGBP protein
was further purified on a HilLoad 26/60 Superdex 75 gel
filtration column (Amersham Biosciences) equilibrated with
0.3 M NaCl, 10 mM Tris, and 5 mM Tris(2-carboxyethyl)-
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phosphine hydrochloride (TCEP; pH 7.0) and then concentrated
to 10 mg/mL for crystallization. Concentrations of proteins
were determined spectrophotometrically by the von Hippel
method (Gill and von Hippel 1989), using calibrated &30 =
26,000 M ' em ™.

Determination of thermostability

Thermostabilities were determined on an Aviv model 202
Circular Dichroism Spectrometer (5 pM protein samples,
buffered with 50 mM sodium phosphate and 100 mM NaCl,
pH 7.0). GuHCI was added to samples to denature the protein.
The concentration of GuHCI stock solutions was determined by
refractive index measurements (Pace 1986). For each thermal
melt curve, measurements were made at 222 nm with three-time
averages from 2°C to 98°C. The CD signal was converted to the
mean residue ellipticity ([0],22) which was fit as a two-state
transition to determine the melting temperature, 7,,, as de-
scribed (Schellman 1987).

Crystallization, data collection, structure determination,
and refinement

Single crystals (0.1 mm X 0.03 mm X 0.4 mm) of tmGBP in
complex with glucose were obtained in 1 mo at 18°C by the
vapor diffusion hanging-drop method in a solution containing
0.2 M sodium formate and 17% PEG 3350. For cryo-protection,
the crystals were dehydrated overnight by equilibration against
0.2 M sodium formate and 25% PEG 3350, and then were
dragged quickly through the same solution supplemented with
10% ethylene glycol, followed by flash-freezing in liquid
nitrogen. .

The initial 2.6 A resolution diffraction data set was collected
on a Rigaku RaxisIV image plate detector and rotating anode
system; the 1.7 A resolution data were collected from the same
crystal at NSLS beamline X25 on an ADSC Q315 CCD detector
(both at 100 K). Data were integrated with XDS (Kabsch 1993)
and scaled with SCALA (Collaborative Computational Project
Number 4 1994). TmGBP crystals belong to space group C2

08
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Figure 6. Successive cycles of glucose titration and buffer washes of
tmGBP-Y 13C-Czif immobilized on microtiter plates (20 mM MOPS and
150 mM NaCl, pH 7.0, 25°C). Data of apo and saturated ligand binding
states for five cycles are connected by straight lines.



Thermostable glucose biosensor

(a=148 A, b =46 A, c = 118 A, B = 108°, two molecules in
the asymmetric unit). The crystal structure was determined
by molecular replacement with the program AMORE (Navaza
2001), using the ligand-bound form of E. coli ribose-binding
protein (PDB code 2DRI); (Mowbray and Cole 1992) as a search
model. A clear solution for both molecules was found yielding
an R-factor of 52% and a correlation coefficient of 25.9. Manual
model building was carried out in O (Jones et al. 1991), and all
refinement was performed in REFMACS5 (Murshudov et al.
1997). Electron density maps showed unambiguous density for
the bound glucose in each monomer, and the ligand was built
and refined at full occupancy. The stereochemistry of the final
model was determined by PROCHECK and MOLPROBITY
(Laskowski et al.1993; Davis et al. 2004). Data collection and
refinement statistics are summarized in Table 1. PDB coordi-
nates and structure factors have been deposited in the RCSB
Protein Data Bank (accession code 2H3H).

Fluorophore labeling and ligand-binding measurements

Purified cysteine mutants of tmGBP were dialyzed (150 mM
NaCl, 20 mM MOPS, and 2 mM TCEP, pH 6.0) to deplete bound
ligand. TCEP was removed by gel filtration (BioRad 10DG
column) after dialysis. Each dialyzed protein was labeled (2—
4 h, room temperature) with thiol-reactive acrylodan, IANBD
(Invitrogen), Cy5, and Cy3 (Amersham Biosciences). The
conjugation step was performed for 2—4 h at room temperature.
Unreacted fluorophore was removed by gel filtration (BioRad
10DG columns). Fluorescence labeling efficiency was deter-
mined as >80% for all conjugates, as previously described
(Smith et al. 2005).

Ligand-induced changes of fluorescence intensities were mea-
sured on a SLM Aminco-Bowman series 2 fluorimeter (acryl-
odan: A, = 390 nm, A., = 500 nm; TANBD: A., = 480 nm,
Aem = 550 nm; CyS5: Aex = 625 nm, A, = 670 nm; Cy3: A =
530 nm, Ao, = 570 nm; slit widths: excitation, 4 nm; emission,
8 nm) at different temperatures (controlled by a water bath).
Data were fit to a single-site binding isotherm (de Lorimier et al.
2002). Stern-Volmer (SV) iodine quenching experiments were
carried out with 0-300 mM Nal, 200-500 mM NaCl to maintain
a constant 500 mM ionic strength and 1 mM Na,S,05 to prevent
iodine formation (Dattelbaum et al. 2005).

Immobilization of tmGBP and plate-based
fluorescence titration

The surface lysine residues of Y13CeCy5 were nonspecifically
modified (pH 7.5, 30 min, 25°C) by No-Weigh NHS-PEO,-
Biotin (Pierce) using a 0.11:1.0 reagent:protein reaction stoi-
chiometry (weight:weight). Unreacted NHS-PEO,-Biotin was
removed by gel filtration (BioRad 10DG columns). On average,
each Y13CeCy5 conjugate was modified with two biotin
molecules according to MALDI-TOF mass spectrometry. One
hundred microliters of 4 pwM biotinylated Y13CeCy5 were
loaded into SigmaScreen streptavidin-coated 96-well microtiter
plates (Sigma-Aldrich), incubated for 2—4 h in the dark at room
temperature, followed by rinsing with buffer to remove free
protein. Fluorescence in each well was measured in the absence
or in the presence of 1 nM—1 M glucose on a Spectra Max
Gemini XS plate reader (Molecular Devices; 25°C or 37°C,
excitation: 640 nm, emission: 680 nm, cutoff: 665 nm). The
fluorescence of each observation was averaged from three
readings, to get Fy,, and Fgjucose, respectively. Each condition

was repeated in three wells, and the relative change in signal
(Fgtucose/ Fapo) for each glucose concentration was averaged
from these three wells. The averaged relative change of signal
was fit into a single-site binding isotherm.
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