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TITLE OF THE INVENTION
ENGINEERED PROTEINS FOR ANALYTE SENSING

CROSS-REFERENCES TO RELATED APPLICATIONS
This application claims the benefit of application
Serial No. 60/093,188 filed July 17, 1998 and of
application Serial No. 60/104,237 filed October 14, 1998.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

The work described herein was supported by National
Institutes of Health Grants RR-08119 and 1-RO1-RR10855.

BACKGROUND OF THE INVENTION
1. Fiéld of the Invention
The present invention relates to the determination
of the presence or concentration of an analyte, such as a

sugar, 1in a sample, using a labeled protein sensor.

2. Description of the Related Art

A bibliography follows at the end of the Detailed
Description of the Invention. The listed references are
all incorporated herein by reference.

Diabetés results in long-term health consequences
including cardiovascular disease and blindness. These
adverse long-term health consequences result from erratic

levels of blood glﬁcose in diabetics. To control the

~long-term complications associated with diabetes, blood

glucose levels must be tightly regulated. This requires
careful monitoring of blood glucose involving the

unpleasant procedure of drawing blood.
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The need for real-time meaSurement of ‘blood glucose
has resulted in efforts to develop non-invasilive and
mihimally invasive methods to monitor blood glucose. A
wide variety of methods have been proposed, including
near infrared spectroscopy [1-3], optical rotation [4,
5}, amperometric [6, 7], colorimetric [8, 9] and
fluorescence detection [10-15]. In spite of intensive
efforts, no method is presently available for
non-invasive measurement of blood glucose.

Most glucose sensors that use biological elements
for signal transduction use electrochemical or
colorimetric detection of glucose oxidase activity. This
method is associated with difficulties including the
influence of oxygen levels, inhibitors in the blood, and
problems with electrodes. In addition, detection results
in consumption of the analyte which can cause
difficulties when measuring low glucose concentrations.
Electrochemical measurements are known to reqguire
frequent calibration, which 1s not acceptable’for a
continuous glucose monitor.

Using-fluorescence, glucose can be measured using
fluorophores which respond either to glucose or to
proteins such as concanavalin A (ConA). Glucose assays
based on proteins are typically competitive assays 1in
which glucose disrupts the binding of ConA to a glucose
containing polymer such as dextran. ConA binding to the
glucose polymer 1s typically detected by resonance energy
transfer (RET).

While a practical glucose sensor such as ConA-
dextran may be used to successfully detect glucose by
competitive RET assay, 1t is not completely reversible
[13-15]. ConA and dextran form aggregates which with
time become increasingly resistant to disruption by
glucose. A sensor is not useful for glucose monitoring

unless binding is reversible.

.
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Another approach to developing a biosensor is to

genetically engineer a protein for site-specific

positioning of allosteric signal transducing molecules.
Structural principles are used to take advantage of
cooperative interactions between the signaling molecule
and ligand binding. This technique has been applied to
Maltose binding protein and Glucose/Galactose binding
protein of Escherichia coli (GGBP) [16,'17], Structural
studies of GGBP reveal two domains, the relative
positions of which change upon the binding of glucose
[18]. Such conformational changes can be expedted to
result in spectral changes of environmentally sensitive
probes, or changes in the transfer efficiency between
donor and acceptor pairs 00valently bound to the protein.
Spectral changes of environmentally sensitive probes have
been reported for GGBP [17].

However, there remains a need in the art for
improved methods for determining the presence or
concentration of glucose using fluorescent sensing

molecules.

SUMMARY OF THE INVENTION
In one aspect, the present invention relates to a
method for determining the presence or concentration of
an analyte in a sample, comprising the steps of:
a) providing a protein sensing molecule that is
capable of binding said analyte in said sample, said
molecule having a detectable quality that changes in a

concentration-dependent manner when said molecule is

bound to said analyte;

b) exposing said sensing molecule to~said sample;
and
C) measuring any change in said detectable quality

to thereby determine the presence or concentration of

-3
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said analyte in said sample.

In another aspect, the present invention provides a
sensor for determining the presence or concentration of
an analyte in a sample, which comprises:

a) a proteln sensing molecule that is capable of
binding to the analyte in said sample, said molecule
having a detectable quality that changes in a |
concentration-dependent manner when said molecule is
bound to the analyte;

b) a radiation source which is capable of causing
sald sensing molecule to emit said detectable quality;
and '

c) means for detecting changes in said detectable

quality in response to said analyte binding.

- BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts the three-dimensional cryStal
structure of the glucose-galactose binding protein (GGRP)
showing the locations of residues 2¢ and 182 in the
presence of bound glucose.

Figure 2 depicts the structure of Q26C~ANS¥GGBP in
the absence and presence of.glucose. In the presence of
glucose, the environmentally sensitive ANS probe is more
exposed to the aqueous phase.

Figure 3 depilicts a hypothetical FRET assay of
glucose based on protein conformational changes, wherein
donor and acceptor dyes are separated upon glucose
binding (t=lifetime, ¢#phase angle).

Figure 4 depicts a hypothetical FRET assay of
glucose based on protein cbnformational changes, wherein
donor and acceptor dyes are brought closer together upon
glucose binding (t=lifetime, ¢=phase angle).

Figure 5 depicts the cloning of the wild type mglb

gene.
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Figure 6 depicts the energy minimized structure of
GBBP labeled with pyrene at residues 26 and 182. 1In the
absence of glucose at 37°C the pyrene residues appear to
be closely stacked (right). In the presence of glucose,
the amount of eximer emission decreases, suggesting that
the pyrene residues become unstacked and more comparable
to the room temperature conformation (left).

Figure 7 shows the emission spectra of ANS-Q26 GGBP
in the presence of 0 to 8 UM glucose. GGBP
concentration was 0.25 uM, and excitation was at 325 nm.
The insert shows the change in intensity versus glucose
concentration. '

Figure 8 shows the elution of the Q26C/M182C

- dicysteine mutant of GGBP after reaction with pyrene

maleimide and TEMPO iodoacetamide. Separation was

accomplished by hydrophobic interaction chromatography.
Fractions containing the pyrene chromophore are
designated as peaks 1, 2 and 3. |

Figure 9 shows the absorption spectra of peaks 1, 2
and 3 from Figure 8. Total protein in each solution is 1
uM. .

Figure 10 shows the ratios of absorbancies at 343
and 277 nm across the chromatographic elution profile for
the fractions from Figures 8 and 9. Shaded areas
indicate fractions that were pooled.

Figure 11 shows the emission spectra of labeled
GGBP-peak 2 (from Figure 8) as é function of glucose

concentration.
Figure 12 shows the emission spectra of labeled

GGBP-peak 3 (from Figure 8) with and without 2 mM
glucose. '

Figure 13 shows the normalized fluorescence
intensities measured at 384 nm for peaks 1, 2 and 3 (from
Figure 8) as a function of glucose concentration. The

exciltation wavelength was 340 nm. 1In the case of peak 3,
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the emission was also measured at 480 nm.
' Figure 14 showsithe frequency-domain lifetime
measurements of GGBP-peak 3 (from Figure 8) at various
glucose concentrations. The shift to lower frequencies
at higher glucose concentrations indicates that the mean
lifetime decreased on glucose binding. o
.~ Figure 15 shows the lifetime-based sensing of

glucose based on the phase or modulation data at 10 MHz.

Figuré 16 depicts the tertiary crystal structure of
a mutant GGBP fusion protein with green fluorescent
protein (GFP) at the C-terminus and a reactive cysteine
and thiol-reactive dye at position 26 (Q26C-GGBP-GFP).

Figure 17 depicts that the relative positions of C26
and the C-terminal of a Q26C~GGBP are closer upon glucose
binding (crystal structure from protein data).

Figure 18 depicts the tertiary crystal structure of
a GGBP fusion protein with blue fluorescent protein (BFP)
at the N-terminal and GFP at the C-terminal (BFP-GGBP-
GFP) in the presence of boﬁnd glucose.

Figure 19 shows the simulated frequency-domain
intensitydecays for a mixture of fluorophores, 1; = 5 ns,
t, = 1000 ns, f, = 0.76 to 0.1. ' '

Figure 20 shows the simulated dependence of the
modulation at 2 MHz on the fractional intensity (f;) of
the 5 ns component.

Figure 21 shows the simulated modulation for a
glucose sensor with t; = 5 ns, 1, = 1000 ns.

Figure 22 shows the frequency responses of the
glucose sensor at 0, 1, 4 and 8 uM ¢glucose.

Figure 23 shows the effect of glucose on modulation

of the glucose sensor at 2.1 MHz.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention 1is based on the discovery that

—6-
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certain proteins may be used as sensing molecules to
determine the presence or concentration of an ahalyte in
a sample. The analyte includes sugars such as glucose,
lactose, galactose, sucrose, maltose, etc., with glucose
being most preferred. ‘ ‘ :
The term “protein” as used herein 1ncludes not only
a full length native protein, but also smaller
polypeptide fragments which display the desirablevbinding
characteristics described herein. The protein may be any
protein that binds reversibly to the analyte to be
detected and which displays a detectable spectral change.
Other desirable characteristics include having a'Single '
binding site for the analvyte, which'minimizes.aggregation
due to cross-linking and maximizes reversibility of the
sensor. It 1s also desirable that the protein be stable
and easy to purify following cloning and expression.
Also, cooperative binding of the analyte is also
desirable, as that effect could increase spectral changes
in the physiologically important range of analyte
concentrations. It is also preferable that the protein
bind the analyte in question without displaying
significant chemical transformation of the analyte.
Preferably, the protein is an E. coli
glucose/galactose binding protein (“GGBP”) as previously
described [38], or functionally equivalent fragments
thereof. As a sensor for glucose monitoring, GGBP has
several favorable features including a single glucose
binding site and high affinity for glucose; GGBP binds
glucose with a dissociation constant near 0.8 pM. The
single site, and lack of polymeric acceptors, results in

complete reversibility upon removal of glucose. Like

'similar transport proteins from other baCteria, GGBP is

highly specific for binding glucose and/or galactose.
The apparent binding affinity of GGBP for Sugars other
than glucose or galactose is typically 100-1000 fold

—_] -
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weaker [19-22]. The high affinity for glucose also will
enable use of the sensor with small_volumes of blood or
interstitial fluid; a prOtéin Sensor with a low affinity
could not be used to measure uM glucose concentrations.
Proteins other than GGBP may be used in the.preSent
invention, for example, hexokinase, glucokinase, etc.
For use in detecting blood glucose levels, thé glucose
sensor protein would have to have a lower affinity
constant for glucose. This could be accomplished with
mutants of hexokinase, for example, which have a lower
affinity for glucose, or possibly with mutants of GGBP
engineered to have a lower glucose binding constant.

Modified proteins can be suitable sensing molecules.

The modification may serve one or more of several

purposes. For example, a protein may be modified in

order to adjust its binding constant with respect to the
analyte; to change the long-term stability of the
protein; to conjugate the protein to a polymer; to
provide binding sites for detectable labels; etc.

The sensing molecule has a detectable quality that
changes in a concentration-dependent manner when the
molecule is bound to glucose. In one embodiment; the
detectable quality results from a detectable label
associated with the sensing molecule. The label may be

covalently or non-covalently bound to the sensing
molecule. A wide range of suitable labels are known.

For example, the label may be a fluorescent label, a non-
fluorescent energy transfer acceptor, etc. The label may

comprise an energy donor moiety and an energy acceptor

molety, each bound to the sensing molecule and spaced

such that there is a detectable change when the sensing

molecule is bound to the analyte.

Preferably, the detectable quality is a detectable

spectral change. Such includes changes i1n fluorescent

decay time (determined by time domain or frequency domain

-8~
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measurement), fluorescent intensity, fluorescent
anisotropy or polarization; a spectral shift of the
emission spectrum; a change in time-resolved anisotropy
decay (determined by time domain or fréquency domalin
measurement), etc.

Preferably, the detectable quality relates to

changes 1n fluorescence. The sensing molecule may be

labeled with one or more detectable labels, and may have
engineered therein one or more cysteine residues for

assisting in the incorporation of labels. There are many'

.suitable labels or label pairs that would be well-known

to one of ordinary skill in the art. Such includes
solvent sensitive probes such as the dansyl probes,‘
ananilinonapthanele probes, deproxyl probes, phthalamide
probes, amino pH phthalamide probes, and probes
comparable to Prodan, Lordan or Acrylodan. Such probes
are sensitive to the polarity of the local environment
and are well known to those of skill in the art.

Other useful probes include those which display
resonance enerqgy transfer'(RET). Many such donor-
acceptor pairs are known, and include fluorescein to
rhodamine, coumarin to fluorescein or rhodamine, etc.
Still another class of useful label pairs include
fluorophore—-quencher pairs in which the second group is a

quencher which decreases the fluorescence intensity of

the fluorescent group. Some known quenchers include

acrylamide groups, heavy atoms such as iodide and
bromate, nitroxide spin labels such as TEMPO, etc.

When GGBP 1s the sensing molecule, it is especially
useful to modify the'moleCule to i1nclude cysteine
residues at one or both of positions 26 and 182. By
genetlcally engineering mutant GGBP’s with selectively
placed cysteines, thiol%reactive molecules may be
covalently bound to the protein. Sites are selected

based on the structure of the protein so that, for
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example, glucose binding wilill cause spectral changes for
GGBP labeled with environmentally sensitive probes. In
some embodiments, the conformational change of GGBP

causes interactions between fluorophores bound to

sSeparate domains of the protein which move relative to

each other in response to glucose binding.

Mutant GGBPs are created by replacing one amino acid

residue with cysteine at position 26, or replacing two

amino acid residues with cysteines at positions 26 and
182 (Figure 1). These positions are useful because they
are close to the hinge region between the two domains of
GGBP. Site 26 1is exposed by conformational change of the
protein upon glucose binding, thereby changing the
environment of a probe bound at that site (see Figure 2).

The mutant GGBPs have one or two cysteine-
substituted residues in positions ideal for the covalent
attachment of probes such that, when labeled with
suitable fluorescent probes, glucose binding causes
spectral changes of environmentally sensitive probes or
changes in energy transfer.efficiency. Additionally,
mutant GGBPs may have attached fluorophores with widely
spaced lifetimes, permitting modulation-based glucose
sensing. This invention also describes GGBP glucose
sensors that are fusion proteins with green fluorescent
protein which, by changes in energy transfer efficiency
on glucose binding, can measure glucose.

In one embodiment of the double-cysteine mutant,
GGBP 1s genetically engineered so that cysteines replace
residues at positions 26 and 182 wherein a thiol-reactive
donor dye and a fhiol~reactive acceptor dye can be
covalently bonded to the cysteine residues (see figure
1l). The cys26 to cysl82 distance changes upon glucose
binding, moving probes bound at these sites relative to
each other (see Example 3).

Alternatively, instead of genetically engineering

~10-
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GGBP, donor and acceptor dyes may be attached by making a
fusion protein, as described in Example 4. Therefore,
for the double cysteine mutant, labeled for example with
a donor-acceptor pair, glucose binding causes changes 1n
the transfer efficiency. Figures 3 and 4 schematically
demonstrate how the conformational changes of GGBP upon
glucose binding can shift the relative positions of
carefully positioned donor and acceptor molecules.

The glucose sensors of this invention are capable of
measuring micromolar glucose concentrations without
reagent consumption. Because of their high sensitivity
to glucose, mutant GGBP'smay be used to measure the low .
glucose concentrations known to be preseht in extracted
interstitial fluid [23]. Samples from interstitial fluid
are known to be painlessly available using methods which
perturb the outermost layer of skin, the stratum corneum,
for example by laser ablation [24] and weak suction [25].

A glucose sensor or monitor based on GGBRP can'be '
expected to display a number of favorable features. The
use of a single sensor promises a fast response time,
limited by the rate of glucose transport to the protein.
This contrasts with the slower response expected for
competitive glucose assays in the prior art due to thé
need for diffusion of two macromolecules, the
glucose-binding and the glUcose—containing moieties. For
a GGBP-based sensor, the only motion needed is of the two
domains of the proteins, which should readily occur even
in polymeric supports.

When labeled with suitable fluorophores, useful
spectral changes are observed for both the single and
double cysteine mutants of GGBP. Glucose binding could
be detected by changes in emission intensity, anisotropy,
lifetime or energy transfer efficiencies. These .
engineered proteins are expected to be useful for

real-time glucose measurements in a variety of convenient

-7 T~
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formats. Similarly useful spectral shifts may be
observed with fluorophore~-labeled fusion proteins created
from GGBP or its mutants.

Finally, the spectral changes shown for GGBP can

5 presently be measured with low cost devices. Excitation
for nanosecond lifetime-based sensing can be accomplished
with laser diodes [26], light emitting diodes (LEDs)

[27], or electroluminescence light sources [28] . Based
on these advances in low-cost fluorescence detection,

10 . sensors based on GGBP may be used in hand~held devices
for real timemonitoring of glucose.

In additional embodiments, a sensor may use a
variety of sensing molecules, with different fluorescent
labels. Additionally, a sensor may utiliie multiple

15  sensing molecules with a range of glucose binding
constants.'_Glucose sensors may be configured using more
than one protein, providing accurate}measurements over a
wlde range of glucose concentrations. Engineered

- glucose-sensitive proteins, coupled with new methods to

20 painlessly extract interstitial fluid, provide an

. excellent promising near-term method for real-time
monitoring of gluéose. The methods described herein may
be readily extended to other analyte binding proteins,

thus paving the way for a new generation of bilosensors.

25 The following examples further illustrate the
invention and are not to be construed to limit the
claims.

Example 1
30 Construction and isolation of a single cysteine mutant

One embodiment of the invention comprises a GGBP
mutated so that a single cysteine replaces a glutamine

residue at position 26 (see Figure 5). The mglb gene

35 that encodes for wild type GGBP and its natural promoter
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were 1solated from the E. coli K-12 genome and amplified
by PCR. The gene-promoter fragment was inserted into the

PstI/Sstl restriction sites of the pTleU phagemid (Bio

- Rad Laboratcries). The resulting plasmid, pJL0l1 was used"

as template for the construction of the Q26C mutant.
Site-directed mutagenesis was accomplished using the
QuickChange™ mutagenesis kit from Stratagene. The DNA
sequencing data verified the presence of the desired
point mutation.

The mono-cysteine mutant of GGBP was-overproduced in_
E. coli NM303 (F" mgl503 lacZlacY recA 1), a mutant
strain that does not produce GGBP. The cultures
consisted of 0.5% inoculum, 25 pug/ml ampicillin in 200 mL
Luria-Bertani (LB) medium (10 g/L bacto—tryptone, 5 g/L
bacto-yeast extract, 10 g/L NaCl, pH 7.2), 1 mM fucose
incubated in a 1 L shake flask at 37°C and 260 rpm.
Cells were harvested at 16 h, and GGBP was extracted by
osmotic shock as previously described [29]. The crude '
extract was resuspended in concentrated Tris-HCl and EDTA
buffers so that the final concentratioh was 5 mM and 1
mM, pH 8.0, respectively. The GGBP cysteine mutants also
recelved a final concentration of 1 mM tris(2-carboxy-
ethyl)phosphine (TCEP). The GGBP was purified based on a
previous method [30] using a DEAE anion exchange column
(Bio-Rad, Hercules, CA) and eluting the GGBP with a 5 mM
Tris-HCl, pH 8.0 gradient from 0 to 0.5 M NaCl.

Single-cysteine mutant GGBP may be labeled with a

single fluorophore as in Example 2 and used as a glucose

sensor in which-the conformational twist of the protein
induced by the binding of glucose causes a change in the
environment around the fluorophore. Alternatively, the
single-cystéine mutant GGBP labeled with a short lifetime
fluorophore may be used in conjunction with a long
lifetime fluorophore for lifetime-based modulation

sensing as in Example 5.

-13-
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Example 2
Fluorescen Labeieq (20 3 P

One embodiment of the invention comprises labeling a
single cysteine mutant GGBP with 2-(4'-(iodoacetamido) -
anilino)naphthalene-6-sulfonic acid (I-ANS; see Figure
6). A solution containing 2.5 mg/ml Q26C GGBP in 20 mM
phosphate, 1l mM tris(2-carboxyethyl)phosphine (TCEP), pH.
7.0 was reacted with 50 uL of a 20 mM solution of the
sodium salt of I-ANS 1in tetrahydrofuran (purchased from
Molecular Probes, Inc.). The resulting labeled proteilin
was separated from the free dye by passing the solution
through a° Sephadex G-25 column. The protein-ANS
conjugate was purified further on Sephadex G-100.

The emission spectra of ANS26~GGBP are shown 1in
Figure 7. Addition of micromolar concentrations of
glucose resulted in an approximately 2-fold decrease in
the intensity of the ANS label, with an apparent |
dissociation constant near 1 uM glucose. ANS 1s known to
be sensitive to 1ts local environment with lower
intensities in more polar environments [31]. The
decrease in intensity suggests that ANS is displaced into
the aqueous'phase upon binding of glucose to ANS26-GGBP.
This is consistent with the glucose-bound structure of
GGBP (Figure 2) where the residue on position 26 1is

pointing towards the aqueous phase.

Example 3
Construction and labeling of double-cysteline mutant GGBP
JLUCOSe Senso '

In this embodiment, the glucose sensor protein
operates by interactions between fluorophores on separate
domains of a protein which changes in response to glucose
binding. In order to obtain fluorescent labels on each
domain of the GGBP, a double cysteine mutant was prepared

by means similar to that described in Example 1 (see

—14-
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Figure 5), in which cysteine residues were genetically
inserted at positions 26 and 182. The double-cysteine
mutant was cultured in GC medium (30 g/L casamino acids,
20 g/L yeast extract) containing 40 g/L glycerol, 4 mM
MgSO,, 25 wug/ml ampicillin and 1 mM fucose. Cells were
cultured at the same conditions as for the mono-cysteine
mutant, and osmotic shock was used to extract the GGBP.
The final buffer was 20 mM Tris, pH 7, 1 mM DTT and EDTA.
Contaminating'proteins were precipitated with ammonium
sulfate. The supernatant was concentrated and the buffer
changed to 2 M ammonium sulfate. The GGBP was purified
with the Biocad Sprint perfusion chromatography system
(PE Corp.) on a hydrophobic interaction media (POROS 20
PE, PE corp.) with a 2 to 0 M ammonium sulfate gradient.
The labeled GGBP was separated using the same method with
a l.5 to 0 M gradient. ' '

The double mutant was then reacted with pyrene
maleimide, a fluorophore, and TEMPO-iodo-acetamide, a
quencher or resonauce energy transfer (“RET”") aoceptor
for pyrene. TEMPO was chosen because of the possibility
of either collisional quenching by the nitroxide group or
RET to the longer wavelength absorption bands of TEMPO.
The protein was reacted in such a way that we expected to
obtain one pyrene residue and one TEMPO residue on each
cysteine residue. The reacted protein was
chromatographed and 3 peaks which apparently contained
the pyrene chromophore were observed, as shown in Figure
8. '

The samples were chromatographed and the column
fractions were pooled based on the ratio absorption at
different wavelengths. Absorption spectra of the three
main peaks are shown in Figure 9. These absorption
spectra show that each of the peaks contained the pyrene

chromophore, as seen from the structured absorption from
300 to 350 nm.
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Figure 10 shows the ratio of absorbancies at 343 to
277 nm for the different fractions from the '
chromatograph. Peak 3 contains the largest amount df
pyrene per protein molecule. Calculations based on the
extinction coefficient of pyrene at 343 nm and the total
amount of protein assayed using Coomasie Blue showed that
peak 3 contains two pyrene molecules per protein.

. Similar calculations for peak 2 showed one pyrene
per protein molecule. The single cysteine mutant, Q26C,
labeled with pyrene maleimide exhibited identical
properties, thereby indicating that peak 2 is most likely
labeled with pyrene at the 26-position and TEMPO at the
182-site. The emission spectra from peak 2 (Figure 11)
is very characteristic of pyrene. The emission drops
close to zero at 450 nm, which indicates the absence of
exXxcited state complex formation (exéimer of pyrene) with
itself or other molecules which form excimers or
exclplexes with pyrene. ‘

‘ Peak 1 appears to contain the least amount of pyrene
per protein molecule (Figure 10), but it is likely that
the absorbance spectrum is simply broadened by ground
state lnteractions with nearby residues. That may also
explain the unusual shape of the emission spectrum (not
shown) . '

Figure 12 shows the emission spectra of peak 3 which
1s believed to be labeled with two pyrene residues per
protein. The evidence for this assertion is the presence
of a longer wavelength emission from 450-500 nm. Such an
emission is typical of two interacting pyrene residues
which are known to form excited state cbmplexes which
display longer wavelength emission. Free pyrene in
solution is also known to form excimers, but this would
not occur at the 0.5 micromolar protein concentration in

peak 3.

Figure 13 shows the normalized intensities of the
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three fractions with added glucose. 1In the case of
fraction 3, we looked at the intensities both at the
monomer emission of 384 and'the excimer emission at 480
nm. The most promising results were obtained for the
5 excimer emission which decreased by 30% upon addition of
glucose. The frequency-domain intensity decay of the 480
nm emission from peak 3 1s shown in Figure 14. The
freguency response was strongly dependent on glucose
indicating a change in the mean lifetime of the labeled
10 protein upon glucose binding. Figure 15 shows the phase
and modulation data at 10 MHz, which also demonstrates a
lifetime changed upon glucOse binding. These data
demonstrate that mutant GGBP can be used with lifetime-
based sensing for glucose measurements.
15
Example 4
abeled Mutan GBP Glucose Sensor for Enerayv Transfer
There can be difficulties with selectively labeling
a protein with two cysteine residues as is needed for a
20 glucose sensor that operates by energy transfer. ‘
Therefore, this invention includes embodiments wherein
fusion proteins of GGBP or its mutants are created.
In one embodiment, the mono-cysteine mutant GGBP
with a reactive cysteine and dye at position 26 1s a
29 fusion protein with a flﬁorOphore att the C-terminus.
This is shown schematically in Figure 16. In this case,
the protein needs to be only labeled with one fluorophore
at a unique cystelne residue. This should be simpler and
more efficient than labeling the dicysteine mutant. The
30 distance between the cysteine residue and the C-terminus
‘shoﬁld change upon glucose binding {Figure 17) resulting
in a change in lifetime, energy transfer, intensity or
anisotrOpy. '
In this embodiment, for example, the two

35 fluorophores may include a donor molecule Green
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Fluorescent Protein at the C-terminal and an acceptor
molecule dye at-position 26. The donor and acceptor
molecules are so positioned on GGBP such that binding of
glucose causes a conformational change to the GGBP

5 pushing apart the donor and acceptor fluorophores so that
emission from the donor fluorophore is no longer quenched
by absorbance by the acceptor fluorcphore. ‘The glucose
binding thereby causes an increase in fluorescence of the
labeled mutant GGBP (see Figure 3)

10 Yet another. embodiment may include a GGBP fusion
protein with fluorophores at both the C-terminal and
N-terminal positions. One non-exclusive example is
illustrated in Figure 18, wherein a donor molecule Green
‘Fluorescent Protein 1s attached at the C terminal and an

15 acceptor molecule Blue Fluorescent Protein is attached at
the N-terminal of GGBP. In this case there would be no
need to further label the protein following its synthesis
by E. Coli. The conformational change occurring upon
binding of glucose would cause a change in efficiency of

20 energy transfer between the two fluorophores.

In this embodiment, the donor and acceptor molecules
are so positioned on GGBP such that binding of glucose
causes a conformational change to the GGBP. This
conformational change brings the donor and acceptor

25 fluorophores closer together so that emission from the
donor fluorophore GFP is quenched by absorbance by the
acceptor fluorophore BFP. The glucose binding thereby

causes a decrease in fluorescence of the labeled mutant
GGBP (see Figure 4).

30
Example 5
Simulation of Low-frequency Modulation-based Glucose
Sensor e
The glucose-sensitive intensity of ANS26-GGBP makes
35 thls protein a potential component in the design of

- -18-
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another embodiment of the invention: a low-frequency
modulation-based glucose sensor. A description of the
theory behind modulation sensors is provided in a paper
by Lakowicz, et al., [32]. This embodiment uses
5 lifetime-based sensing techniques, 1n which fluorophores
or sensing schemes are identified that display an
analyte—~dependent change in the.sample's decay time, and
the change in decay time 1is used to determine the
concentration of the analyte. The basic idea is to use a
10 mixture of the nanosecond fluorophore with a fluorophore
that displays a long lifetime near 1 us. For such a
mixture the modulation of the emission at intermediate
frequencies becomes equivalent to the fraction of the
total emission due to. the short lifetime nanosecond
15 fluorophore. This occurs because the emission from the
microsecond fluorophore is demodulated and that of the
nanosecond fluorophore 1s near unity. This method allows
sensing based on modulation from about 1 to 10 MHz.
Additionally, the nanosecond sensing fluorophore does not
20 need to display a change in lifetime (1). A simple
change in'intensity in response to the analyte 1s
adequate for a low—-freguency modulation sensor.
Lifetime-based sensing is most often performed using
the phase-modulation method. The use of phase angles (¢)
25 or decay times can be preferable to intensity-based
sensing because decay times are mostly independent of
changes in probe concentration or total signal level and
can be measured in turbid media and even through skin
[32]. Because the modulation is independent of total
30 signal level, modulation sensing can be’accurate even 1f
there are changes in signal level due te changes 1in the
position of the'sample or flexing of fiber'optics. What
is necessary is that the relative proportions of short
and long-lifetime fluorophores remain the same. The

35 calibration curve will change if the relative intensities
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of the fluorophores change in a manner independent of
analyte concentration. For example, if the sensing and
reference fluorophores photobleach at different rates,
the modulation sensor calibration curves will change.

5 In one embodiment of a modulation sensor, a short-

’ lived glucose-sensitive probe may be combined with a
long-lived probe such as a metal-ligand complex. At low
frequencies, the modulation of the oombined emission of
analyte sensitive short-lived probe and the long-lived

10 metal-ligand complex depends on the fractional'
fluorescence intensity of the shorter lifetime species.
The fractional. intensity decreases on binding glucose,
resulting in a decrease in the modulation which can be
used to measure the glucose concentration.

15 In one preferred embodiment, the glucose sensitive
ANS26-GGBP is combined with a long lifetime metal-ligand
complex such as [Ru(bpy)iﬁ“. For construction of the
sensor, [Ru(bpy);]?* was dissolved in heated polyvinyl
alcohol, which was.then'painted'on the outside of a

20 cuvette which contained the glucose-sensitive protein’ .
(ANS26-GGBP). Q26C GGBP was labeled with I-ANS to make
ANS26-GGBP as described in_EXample 2.

Frequency—-domain intensity decay were measured with
instrumentation described previously [33], modified with

25 a data acquisition card from ISS, Inc., Urbana, Illinois
[34]. Excitation was at 325 nm from a HeCd laser
modulated with a Pockels cell. Emission spectra were
recorded on an Aminco SLM ABZ'spectrofluorometer using an
excitation wavelength of 325 nm. Polarizers were used to

30 eliminate the effect of Brownian rotation. The
concentration of ANS26-GGBP was 0.25 uM. The
fluorescence spectra are relative to an identical
reference sample that was sugar-free.

Simulated frequencywdomain data for a mixture of

35 fluorophores are shown in Figure 19. The lifetimes were
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assumed to be 1, = 5 ns and 1, = 1000 ns = 1 us. The
lifetime of 5 ns is comparable to the mean lifetime of
ANS~-GGBP. Metal-ligand Re complexes with lifetimes‘of
over 1 us are now available, so that 1 us fluorOphores
are available. For these simulations we assumed the

fractional intensity of the 5 ns changed from 0.1 to

0.76. There is a region near 2 MHz where the modulation

1s almost independent of modulation frequency.
Importantly, the modulation is sensitive to the
fractional intensity of the short lived component. For
the assumed lifetimes-the modulation at 2 MHz is nearly
equal to the amplitude of the short lived component. '
This is shown in Figure 20, which indicates that the
modulation at 2 MHz is essentially equivalent to the
fractional amplitude of the short lifetime component.
This result can be easlly understood by noting that the
modulation of the 5 ns component is near 1.0 at 2 MHz,
and the modulation of the 1 us component is near zero at
2 MHz.

The accuracy in glucose concentration expected for

such a modulation sensor based on a mixture with lifetime

of 1, = 5 ns and 1, = 1 us was calculated from changes in
modulation which could be expected for the 2-fold '
intensity changes displayed by GGBP (Figure 21). For
this glucose-sensitive protein the two-fold decrease in
intensity of GGBP could decrease the modulation of 2 MHz

from 0.81 to 0.66 (Figure 21). The modulation can be
measured routinely to an accuracy of 0.005, which would |
result in glucose concentrations around to +0.2 uM. We
note that a larger change in intensity of the
glucose-sensitive emission would result in larger changes

in modulation and higher aCCuracy in the glucose

concentration. Also, with dedicated instruments the

modulation may be measured to higher accuracy.

To measure glucose, the labeled protein ANS26-GGRBP
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was placed adjacent to the ruthenium complex to result ih
a fractional GGBP intensity near 0.87 1n the absence of
glucose. The Ru complex was in a thin PVA film outside
the cuvette containing ANS26-GGBP. Frequency responses

5 are shown in Figure 22. These responses are comparable
to the simulations shown in Figure 19. Importantly, the
modulation at 2.1 MHz decreases in the presence of
glucose, as expected for decreased emission for
ANS26-GGBP. These changes in modulation were used to

10 prepare a calibration curve for gludose (Figure 23).
These data demonstrate that the ANS26-GGBP can be used to

quantify micromolar concentrations of glucose.

Modulation measurements accurate to Am = + 0.007 would

result in glucose concentrations accurate to Ac = + 0.2

15 uM. We expect future labeled GGBP mutants will display
large changes in fluorescence and to yield more accurate
glucose measurements.

The short and long lifetime components in this
simulated embodiment were physically separated to aVoid

20 interactions of the long lived ruthenium complex with

. GGBP. Such a physical separation can be readily
accomplished in a sensor that, for example, comprises two
polymeric layers, one containing labeled GGBP and the
other containing the long-lifetime complex.

25 Alternatively, one may choose other long lived
fluorophores which do not interact with the protein, such
as the highly charged ruthenium complex proposed recently
as a water-soluble oxygen sensor [35]. This invention
includes sensors that comprise two polymeric layers and

30 long-lived fluorophores that do not react with GGBP.f

Other embodiments of the modulation-based sensor may
include long lifetime metal-ligand complexes such as, but
. not limited to, rhenium and osmium. For the short
lifetime sensor component, any sensing fluorophore that

35 changes intensity can be used, and is included in this
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invention; a change in probe lifetime 1s not needed.

In considering the opto-electronics required for
modulation based sensing, blue light emitting diodes '
(LEDs) can be amplitude modulated from 0.1 to 100 MHz

5 [36], and LEDs with ultraviolet output near 380 nm are
available and can be modulated to 100 MHz [27].
"Electroluminescent devices can also be modulated at MHz
frequencies [28]. Hence, simple inexpensive light.
sources could be used for a modulation glucose sensor.

10 , A device for modulation~based sensing can be simpler
than the usual phase-modulation instruments. For phase
angle measurements the detector must be modulated with a
fixed phase relationship to the modulated excitation.
Modulation measurements can be performed without the

15 phase—locked relationship, simplifying the electronics.
These considerations suggest that a portable battery
powered device can be designed to monitor glucose. The
sensitivity of this method to low glucose concentrations
suggests its use to monitor glucose in interstitial

20 fluid. Because of the high affinity of GGBP for glucose
this device also could be used with diluted blood, as the
glucose concentration i1n whole blood is in the mM range.
Recent experiments show the feasibility of constructing
low-cost instrumentation for phase~modulation

25 measurements up to 100 MHz [37].
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CLAIMS
1. A method for determining the presence or
concentratibn of an analyte in a sample, comprising the
steps of: '

5 a) providing a proteilin sensing molecule that is
capable of binding said analyte in said sample, said
molecule having a detectable gquality that changes in a
concentration-dependent manner when said molecule is
bound to said analyte;

10 b) exposing said sensing molecule to said sample;
 and
C) measuring any change in said detectable guality
to thereby determine the presence or concentration of

said analyte in said sample.
15

2. The method of claim 1, wherein the analyte is a

sugar.

3. The method of claim 2, wherein the sugar is

20 selected from the group consisting of glucose, lactose,

galactose, sucrose and maltose.

4. The method of claim 3, wherein the sugar'is

glucose.
25

5. The method of claim 1, wherein the sensing
molecule is selected from the group consisting of

glucose/galactose binding protein, hexokinase and

glucokinase.
30

6. The method of claim 4, wherein the sensing

molecule is a glucose/galactose binding protein.

/7. The method of claim 1, wherein the sensing

35 molecule 1s a modified protein selected from the group
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consisting of modified glucose/galactose binding protein,

modified hexokinase and modified glucokinase.

8. The method of claim 7, wherein the protein is
modified by substituting at least one cysteine residue

therein.

9. The method of claim 8, wherein the protein is

modified by substituting two cysteine residues therein.

10. The method of claim 8, wherein the protein is a
modified glucose/galactose binding protein that contains

a cysteine residue at one or both of positions 26 and
182.

11. The method of claim 1, wherein the sensing
molecule is a fusion protein which contains at least one

detectable segment.

12. The method of claim 11, wherein the sensing
molecule is a fusion protein which contains two

detectable segments.

13. The method of claim.ll, wherein the detectable
segment comprises green fluorescent protein or

fluorescent variants thereof.

14, The method of claim 12, wherein one detectable
segment comprises green fluorescent protein or

fluorescent variants thereof, and the other detectable

segment comprises blue fluorescent protein or fluorescent

variants thereof.

15. The method of claim 1, wherein the detectable

quality results from at least one detectable label

~-31-
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associated with the sensing molecule.

16. The method of claim 15, wherein the label is a

fluorescent label.

17. The method of claim 15, wherein tﬁe label 18 a

non—-fluorescent energy transfer acceptor.

18. The method of claim 1, wherein the sensing
10 molecule comprises an energy donor moiety and an energy
acceptor moiety, each bound to the sensing molecule and
spaced such that there is a detectable signal change when

the sensing molecule is bound to the analyte.

15 19. The method of claim 13, wherein .the sensing
molecule further comprises an energy donor molety or an

energy acceptor moiety.

20. The method of claim 1, wherein the detectable
20 quality i1s a detectable spectral change.

21. The method of claim 20, wherein the detectable

spectral change 18 a change in fluorescent decay time.

25 22. The method of claim 20, wherein the detectable

spectral change 1s a change in fluorescent intensity.

23. The method of claim 20, wherein the detectable
spectral change is a change in fluorescent anisotropy or

30 polarization.

24. The method of claim 20, wherein the detectable
spectral change i1s spectral shift of the emission

spectrum.

35
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25. The method of claim 21, wherein the change in
fluorescent decay time is determined by time domain

measurement.

26. The method of claim 21, wherein the change in

fluorescent decay time 1s determined by frequency domain

measurement.

27. The method of claim 20, wherein the detectable
spectral change 1s a change 1n time-resolved anisotropy

decay.

28. The method of claim 27, wherein the change in
time-resolved anisotropy decay is determined by time

domain measurement.

29. The method of claim 27, wherein the change in
time-resolved anisotropy decay is determined by frequency

domain measurement.

30. A sensor for determining the presence or
concentration of an analyte in a sample, which comprises:

a) a protein sensing molecule that is capable of
binding to the analyte in said sample, said molecule
having a detectable quality that changes in a
concentration-dependent manner when said molecule is
bound to the analyte; . .

b) a radiation source which is capable of causing
said sensing molecule to emit said detectable quality;
and

c) means for detecting changes in said detectable

quality in response to said analyte binding.

31. The sensor of claim 30, wherein the analyte is

a sugar.

~33~




10

15

20

25

30

35 .

WO 00/03727

CA 02336985 2001-01-09

PCT/US99/15998

32. The sensor of claim 31, wherein the sugar is
selected from the group consisting of glucose, lactose,

galactose, sucrose and maltose.

33. The sensor of claim 32, wherein the sugar is

glucose.

34. The sensor of claim 30, wherein the sensing

- molecule is selected from the group consisting of

glucose/galactose binding protein, hexokinase and

glucokinase.

35. The sensor of claim 33, wherein the sensing

molecule is a glucose/galactose binding protein.

36. The sensor of claim 30, wherein the sensing
molecule is a modified protein selected from the group
consisting of modified glucose/galactose binding protein,

modified hexokinase and modified glucokinase.

37. The sensor of claim 36, wherein the protein is
modified by substituting at least one cysteine residue

therein.

38. The sensor of claim 37, wherein the protein is

modified by substituting two cysteine residues therein.

39. The sensor of claim 37, wherein the protein is
a modified glucose/galactose binding protein that

contains a cysteine residue at one cr both of positions
26 and 182.

40. The sensor of claim 30, wherein the sensing
molecule 1is a fusion protein which contains at least one

detectable segment.
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41. The sensor of claim 40, wherein the sensing
molecule is a fusion protein which contains two

detectable segments.

42. The sensor of claim 40, wherein the detectable

segment comprises green fluorescent protein or

fluorescent wvariants thereof.

43. The sensor of claim 41, wherein one detectable
segment comprises green fluorescent protein or
fluorescent variants thereof, and the other detectable
segment comprises blue fluorescent protein or fluorescent

variants thereof.

44, The sensor of claim 30, wherein the detectable

quality results from at least one detectable label

assoclated with the sensing molecule.

45. The sensor of claim 44, wherein the label is a

fluorescent label.

46. The sensor of claim 44, wherein the label is a

non-fluorescent energy transfer acceptor.

4’7. The sensor of claim 30, wherein the sensing
molecule comprises an energy donor moiety and an energy
acceptor moiety, each bound to the sensing molecule and
spaced such that there is a detectable signal change when

the sensing molecule is bound to the analyte.

48. The sensor of claim 42, wherein the sensing
molecule further comprises an energy donor moiety Or an

enérgy acceptor moiety.

49, The sensor of claim 30, wherein the detectable
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quality is a detectable spectral change.

50. The sensor of claim 49, wherein the detectable

spectral change is a change in fluorescent decay time.

51. The sensor of claim 49, wherein the detectable

spectral change is a change in fluorescent intensity.

52. The sensor of claim 49, wherein the detectable

spectral change is a change in fluorescent anisotropy or
polarization.

53. The sensor of claim 49, wherein the detectable

spectral change is spectral shift of the emission
spectrum.

54. The sensor of claim 50, wherein the changé in

fluorescent decay time is determined by time domain
measurement.

55. The sensor of claim.50,'wherein the change in

fluorescent decay time is determined by frequency domain

measurement.

96. The sensor of claim 49, wherein the detectable

spectral change 1s a change in time-resolved anisotropy
decay.

57. The sensor of claim 56, wherein the change in

time-resolved anisotropy decay is determined by time
domain measurement.

58. The sensor of claim.56, wherein the change in

time-~resolved anisotropy decay is détermined by frequency
domain measurement.
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