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Abstract Five variants of glucokinase (ATP-D-hexose-6-
phosphotransferase, EC 2.7.1.1) including wild type and sin-
gle Trp mutants with the Trp residue at positions 65, 99, 167
and 257 were prepared. The fluorescence of Trp in all loca-
tions studied showed intensity changes when glucose bound,
indicating that conformational change occurs globally over
the entire protein. While the fluorescence quantum yield
changes upon glucose binding, the enzyme’s absorption spec-
tra, emission spectra and fluorescence lifetimes change very
little. These results are consistent with the existence of a dark
complex for excited state Trp. Addition of glycerol, L-glu-
cose, sucrose, or trehalose increases the binding affinity of
glucose to the enzyme and increases fluorescence intensity.
The effect of these osmolytes is thought to shift the protein
conformation to a condensed, high affinity form. Based upon
these results, we consider the nature of quenching of the Trp

excited state. Amide groups are known to quench indole fluo-
rescence and amides of the polypeptide chain make interact
with excited state Trp in the relatively unstructured, glucose-
free enzyme. Also, removal of water around the aromatic ring
by addition of glucose substrate or osmolyte may reduce the
quenching.

Keywords Glucokinase . Tryptophan fluorescence .

Glucose . Glycerol . Osmolites . Aromatic groups . Dark
complexes

Introduction

Glucokinase (ATP-D-hexose-6-phosphotransferase, EC
2.7.1.1) is a member of a family of enzymes that catalyze
the phosphorylation of D-glucose by ATP in the first step of
the glycolytic pathway. Several lines of evidence point to the
pivotal role of glucokinase in regulation of glucose homeosta-
sis in liver and pancreas. The existence of isoenzymes specific
to various tissues implies differences in the role of the enzyme
[1–5] and point to distinctive regulation of glycolysis in dif-
ferent tissues. The presence of a glucokinase inhibitory regu-
lator protein, specifically active in liver [6] further Indicates
that glucokinase has organ specific functions. The most com-
pelling evidence for the importance of this enzyme in health is
provided by mutants in human glucokinase that disrupt glu-
cose homeostasis. Inactivating mutants of the enzyme may
cause either Bmaturity onset diabetes of the young^, when
one allele is affected (MODY, which is usually a mild form
of the disease), or a severe form of Bpermanent neonatal dia-
betes mellitus^, when both alleles are affected. Activating mu-
tants cause Bhyperinsulinemic hypoglycemia in infancy ,̂
which may be life threatening even if only one allele is altered
[7]. Finally, glucokinase activator drugs were developed that
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have potential for the treatment of patients with type 2 diabe-
tes mellitus [8, 9].

This introductory summary illustrates that understand-
ing the biochemistry of glucokinase (GK) has high
translational significance as the enzyme serves as vital
glucose sensor in endocrine pancreas and liver. The glu-
cokinase molecule is also of great interest to basic sci-
entists as a protein structure model because of its
unique biophysical and biochemical characteristics.
Physiologically operating in cells as a monomer, it
shows striking sigmoidal glucose dependency of the
phosphorylation reaction (nH: 1.7) [5]. It exhibits large
but slow conformational transitions when activated by
glucose and features an allosteric modifier region that
is distinct from the substrate binding site and provides
separate allosteric binding sites for inhibitors (GKRP)
and activators (GKAs) [9]. These characteristics are cur-
rently being investigated by crystallography [10], NMR
[11], and tryptophan fluorescence [12, 13] measure-
ments. Here we will apply fluorescence techniques as
a means for studying recombinant human glucokinase
and several interesting mutants.

Wild-type glucokinase (GK-WT) contains three trypto-
phans: W257, deeply buried near the glucose binding site,
W99 located near the surface in the allosteric modifier region
and W167, also close to the surface in the central cleft of the
glucose binding site [10]. Zelent, Matschinsky and coworkers
have utilized the fluorescence of tryptophan in wild type and
in glucokinase mutants in which tryptophan has been changed
to isolate conformational changes upon glucose binding to
particular regions of the protein and to monitor equilibrium
sugar binding [14, 15]. In a recent publication Zelent and
coworkers were able to characterize the cooperative protein/
protein interaction between glucokinase and its hepatic inhib-
itor GKRP as influenced by glucose, fructose-phosphates and
a GKA using tryptophan fluorescence changes of the
native and a disease-causing mutant of GKRP interacting
with a tryptophan free, functionally largely intact, mutant
glucokinase [13].

In the present paper, we are examining the fluorescence
yield, lifetime and spectrum of tryptophan in recombinant
gluocokinase. Five types of glucokinase were examined: wild
type WT (containing three Trp), three mutants in which two
Trp were replaced and only one Trp was expressed at a natural
position, and a fourth mutant in which all natural Trp were
replaced and one Trp was placed at an unnatural position. In
this way, a fluorescent marker is placed at positions 65, 99,
167 and 257.

A major finding of our paper is that fluorescence intensity
from Trp of wild type and all variants changed upon addition
of glucose. While the intensity of tryptophan fluorescence in
GK in WT increases by addition of glucose, the fluorescence
lifetimes and absorption and emission spectra are much less

dependent upon the binding of glucose. This is in contradic-
tion to the usual Bsimple^ excited state reaction measurement,
where fluorescent lifetime and quantum yields are directly
proportional to each other. We suggest that this is due to the
existence of a dark excited state species.

The existence of dark excited state species [16], or ex-
tremely short excited species [17] of tryptophan are well doc-
umented. We do not know any literature example in a protein
where the lifetime does not significantly change while the
intensity changes so much (>200%). We considered how to
vary the experimental conditions to gain insights on the nature
of the dark complex. We used glycerol and sugars as
osmolytes. We found that glycerol and sugar osmolytes have
the effect of increasing fluorescence intensity of GK-WT, and
increasing the binding affinity for glucose. Substitution of
glycerol for water is known to produce more condensed forms
of proteins [18] and higher binding affinity by the condensed
form accounts for the increased binding affinity. Osmolytes
may reduce the local concentration of water around the aro-
matic ring, as well as stabilize the non-quenching conforma-
tion of the amide group relative to the aromatic ring.

Methods

Materials

D-glucose (purity ≥99.5%), glycerol (purity ≥99%), L-glu-
cose, trehalose, sucrose, and N-acetyl-L-tryptophanamide
(NATA) and other chemicals were from Sigma Chemical
Co. USA.

Generation of Recombinant WTand Mutant Glucokinase
Proteins

In all experiments described in this article, recombinant glu-
cokinase was used. Recombinant wild type and mutant human
β-cell glucokinases were generated as Glutathione S-
Transferase (GST) fusion proteins in E. coli as previously
described [14, 19, 20]. Point mutations were introduced into
the pGEX-3X vector using the QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, California, USA). All
mutant vectors were transformed into E. coli cells and verified
by DNA sequencing. GST-GK fusion proteins were cleaved
with factor Xa and submitted to a second round of purification
by removing GST with glutathione agarose and Factor Xa
with benzamidine Sepharose 6B following protocols provided
by the manufacturer.

The enzyme variants made for this project were: GK-W99
(W167F/W257F), GK-W167 (W99R/W257F), GK-W257
(W99R/W167F) and GK-W65 (W99R/W167F/W257F/
T65W). As criterion of purity, all mutant glucokinase proteins
showed a single band at 50 kD using gel chromatography.
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Sample Preparation

Glucokinase was dissolved in buffer pH 7.2 containing 20 mM
K phosphate, 50 mM KCl, 1 mM ethylenediaminetetraacetic
acid (EDTA), and 1 mM dithiothreitol (DTT). When glycerol
was added, the glycerol percent is expressed as volume/volume.

Absorption and Fluorescence Measurements

UV/Vis absorption spectra were obtained using a Hitachi
Perkin-Elmer U-3000 spectrophotometer.

Fluorescence emission spectra were obtained with a
Fluorolog-3-21 Jobin-Yvon Spex Instrument SA that uses a
450 W xenon lamp for excitation and a cooled R2658P
Hamamatsu photomultiplier tube for detection. For all mea-
surements quartz cuvettes were used that gave paths of 0.4 cm
for excitation and 1 cm for emission. Excitation wavelength
was at 295 nm and fluorescence emission was measured in the
range of 300–500 nm. The instrumental slit width was set
to provide a band-path of 4 nm for excitation and 3 nm
for emission. Spectra were corrected for instrumental
response using Spex instrument software. A thermostat-
ically controlled cell holder maintained sample temperature
at 20 °C.

Fluorescence quantum yields of tryptophan,ϕ (the ratio of
the number of photons emitted relative to the number of pho-
tons absorbed by the fluorophore) were determined for wild
type and mutant glucokinase by the following equation [21]:

ϕS ¼ ϕR AR=ASð Þ FS= FRð Þ n2S= n2R
� � ð1Þ

The subscripts S and R refer to the sample and reference
standard, respectively; AR and AS denote the absorbance at the
excitation wavelength (A < 0.05 to avoid the inner filter ef-
fect); FS and FR denote the integral intensities of the corrected
fluorescence spectra measured under identical instrument set-
tings; nS and nR are the refractive indices. (nR (water =1.3334)
and ns (glycerol (95%) = 1.465). Fluorescence quantum yields
were determined relative to N-acetyl-L-tryptophanamide
(NATA) (ϕ = 0.14) in water as reference [22].

Tryptophan Fluorescence Lifetime Measurements

Fluorescence intensity decays were measured using time-
correlated single-photon-counting with a FluoTime200 fluo-
rimeter (PicoQuant, Inc., Berlin, Germany). Excitation was at
295 nm. Emitted light at 340 nm was selected using a mono-
chromator. To avoid effects of Brownian rotation a polarizer
oriented at the magical angle was placed on the emission side.
A micro channel plate was used to detect the emitted light.
The intensity decay data were fitted with FluoFit software
(PicoQuant version 4).

Some fluorescence lifetimes were measured using
Fluorolog TCSPC fluorimeter equipped with Nano-LED laser
(Horiba Scientific Inc., Edison, NJ). Excitation was at 278 nm.
The emitted light at 340 nm was selected using a monochro-
mator. A photomultiplier tube (Hamamatsu 928, Japan) was
used to detect emitted light. The intensity decay data were
fitted with Data Analysis Software (Horiba Scientific Data
Station 2.7).

The data were analyzed in terms of a sum of exponentials:

I tð Þ ¼ ∑αi exp −t=τ ið Þ

where αi are the amplitudes of the intensity decay times τi
with Σαi = 1.0. The intensity mean lifetime is defined as
τmean = Σαiτi

2 / Σαiτi .

Results

Fluorescence Intensity and Spectra of GK’s with Glucose
and Glycerol

Tryptophan fluorescence of GK depends on location of the
tryptophan residue in the protein and is sensitive to the struc-
tural changes upon ligand binding. Figure 1 shows the effect
of adding glucose and glycerol to GK in producing a fluores-
cence increase of tryptophan. Upon binding of glucose, the
fluorescence quantum yield of GK-WT goes from 0.094 to
0.187, an increase of almost 2 times. GK-W99 increases 1.6
times, GK-W167 1.8 times, and GK-W257 1.2 times while for
GK-W65 glucose binding decreases fluorescence intensity by
15% (0.85 times).

Figure 1 also shows the effect of glycerol at high concen-
tration on tryptophan fluorescence. Structural changes of glu-
cokinase in the presence of glycerol increase tryptophan fluo-
rescence more strongly than glucose binding. The total in-
crease for GK-WT is 2.6 times, and for individual Trp residues
are: 4.6 times for GK-W99, 2.3 times for GK-W167, 1.3 times
for GK-W257 and 1.1 times for GK-W65. For comparison
NATA fluorescence in glycerol increases 2.1 times in relation
to its fluorescence intensity in water (Fig. 1F). Glucose at the
concentration used has no effect on NATA fluorescence yield.

Absorption and Fluorescence Spectra of GK-WT
and NATA in Various Solvents

Absorption spectra for the various proteins are shown in
Fig. 2. Lack of a solvent effect is seen for the protein absorp-
tion, consistent with the burial of Trp within the protein, and
also consistent with the relative insensitivity of absorption
spectra to solvent. (The large absorption at <250 nm and be-
low includes contributions from other aromatic groups and
amide groups, and was not analyzed).

J Fluoresc (2017) 27:1621–1631 1623



Glycerol shifts NATA absorption and fluorescence spectra
relative to water (Fig. 3c and d). The fluorescence shift of
NATA follows decreasing of solvent polarity: water, glycerol,
cyclohexane. This sequence of shift with polarity has been
long recognized [23]. As seen in Fig. 3a, the peak position
of the absorption spectrum of Trp in GK-WT does not shift,
but there is a small diminution of the long wavelength emis-
sion contribution of GK-WT in glycerol (Fig. 3b).

The small diminution in long wavelength emission is
especially noticeable when the spectra are normalized
(red and dotted lines in Fig. 3b). Similar results were
obtained for single Trp mutants. The spectra in Fig. 4
are normalized to emphasize the shift with addition of
glycerol to single Trp variants. The shift was the largest
for GK-W99.

Effect of Glycerol, Trehalose, L-Glucose and Sucrose
on Binding of D-Glucose to GK

In the above experiments, glycerol was used in high concentra-
tion.We examined the effect of glycerol and other substrates on
D-glucose binding at lower concentration, the concentration at
which the water H-bond network is disrupted by cosolvent [24,
25]. The results are shown in Fig. 5. Glycerol at 20% increases
the binding affinity of D-glucose (Table 1) to all mutants. The
ratio of equilibrium dissociation constants (KD‘s) is between
4.1 and 4.6. The essentially same effect on all the GK ana-
logues, suggests that the glycerol, as a solvent, is effective in
stabilizing the whole protein. Trehalose, L-glucose and sucrose
at 1M concentration have a similar effect (Table 2). An osmotic
effect of these compounds will be discussed later.
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Fig. 1 Fluorescence emission
spectra and intensity changes for
glucokinase and NATA in buffer
(black), buffer (b) with 100 mM
D-glucose (blue) or 95% glycerol
(red). a GK-WT, b GK-W167,
c GK-W99, d GK-W257, e W65
and f NATA in water and glycer-
ol. Excitation wavelength:
295 nm. Protein concentration
about 1 micromolar
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Fluorescence Lifetimes

In the simplest description of excited state reactions, fluores-
cence yields and lifetimes are directly proportional to each
other. Fluorescence lifetimes were examined by time-
correlated decay. Examples of the decay curves for GK are
shown in Fig. 6. Time-resolved fluorescence decay of Trp in
proteins is usually complex [26]. The fluorescence decay of
Trp in GK-WT is also complex, but, as seen by time-
correlated single photon counting, it could be fit by two ex-
ponential decay functions. The average fluorescent lifetime
for GK-WT is 3.68 ns (Fig. 6 top). With glucose the lifetime
is 3.96 ns (middle) and in glycerol the value is 4.82 ns (bot-
tom). Therefore, in going from GK-WT in buffer to GK-WT
in glycerol, the lifetime increases about 1.31 times. This is
considerably less than the increase in fluorescence intensity
(about 2.6 times, as documented in Fig. 1a.)

While there is a discrepancy between fluorescence yield
and lifetime for Trp in the protein, for NATA in the presence
of glycerol the lifetime is increased twice relative to aqueous
buffer (Fig. 7), as is the fluorescence yield (Fig. 1f). The life-
time for NATA, therefore, scales proportionately to the in-
crease in fluorescence yield within experimental uncertainty.

Fluorescence lifetimes for the samples studied are given in
Table 3. (Some of these values were previously reported [15].
The data presented in the last three columns are especially
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the spectrum in glycerol. c and d
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Spectra are normalized to the
same intensity

240 260 280 300 320
0.00

0.05

0.10
A

bs
or

pt
io

n

Wavelength nm

W99

W167

W257

Buffer

240 260 280 300 320
0.00

0.05

0.10

A
bs

or
pt

io
n

Wavelength (nm)

GK-WT

W65
Buffer

a

b

Fig. 2 Absorption spectra as indicated: a W99 (blue), W167 (red), and
W257 (dashed), and b W65 (red), and GK-WT (dashed)

J Fluoresc (2017) 27:1621–1631 1625



informative. For NATA, both quantum yield and lifetime are
about twice as large in glycerol compared to water. In contrast,
the quantum yield of Trp in GK-WT increase is about twice
when glucose is bound and about 2.5 times in the presence of
glycerol. One might expect a discrepancy between lifetime
and quantum yield in cases where there is energy transfer,
and since GK-WT contains three Trp, energy transfer is pos-
sible. However, energy transfer is not possible in the single
Trp mutants, and the pattern is also seen for mutants W99,
W167, and W257. Since the absorption coefficient changes
slightly under different conditions (Figs. 2 and 3) we can also
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Fig. 4 Solvent effect on the fluorescence emission spectra of GK single
tryptophan enzymes in buffer (pH 7.2) and glycerol (95%) as indicated: a
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Table 1 Effect of glycerol (20% v/v) on D-glucose binding

GK KD (mM) in
PO4 buffer

KD (mM) in 20% glycerol
(2.7 M) in PO4 buffer

GK-WT 7.39 1.80

W99 18.8 4.06

W167 0.38 0.09

W257 11.3 2.09

W65 4.60 Not determined
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compare the experimental relative quantum yield with the
decay profile, making use of the relationship that the total
fluorescence intensity is proportional to the amplitude, α,
times the lifetime, τ, for an exponential decay. Again, the
observed fluorescence increase by conditions of substrate
binding or in the presence of glycerol is higher than that pre-
dicted by the lifetime and amplitude changes. Both lifetimes
and quantum yields therefore suggest that the resting enzyme
is in a conformation in which there is a dark complex.We note
that this must be due to a local effect at the Trp site, and is not
due to a complex that quenches all Trp, since, in W65, very
little change in intensity was observed.

To compare the difference between the model compound
NATA and protein, the quantum yield is plotted as a function
of lifetime in Fig. 8. The grey trend-line for NATA shows the
expected results: lifetime and quantum yield are linearly
related. For instance, for W167, the quantum yield in-
creases about 1.8 times when glucose is bound and 2.3
in the presence of glycerol. In contrast, the lifetime for
W257 decreases slightly with the binding of glucose
and in glycerol increased only about 1.31 times. The
largest change was seen in W99, where the fluorescence
quantum yield increased over 4.6 times in glycerol rel-
ative to the resting enzyme in aqueous buffer.

Table 2 Effect of glycerol, sucrose, trehalose and L-glucose on
D-glucose binding to GK-WT

Solvent D-glucose binding
KD (mM)

F/F0 upon D-glucose
bindinga

PO4 buffer 7.39 1.83

20% glycerol 1.80 1.74

1 M sucrose 3.57 1.74

1 M trehalose 1.75 1.71

2 M L-glucose 1.12 1.63

a F/F0 is the fluorescence intensity at saturation with D-glucose/ fluores-
cence intensity without glucose
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Discussion

The locations of tryptophan in GK mutants used in this work
are shown in Fig. 9.

Although tryptophan is the quintessential fluorescent mark-
er for protein conformation, it is long known that indole de-
rivatives in solvents do not exactly mimic the properties of Trp

in proteins. The data in this paper clearly illustrate this. NATA
shows spectral shifts with increasing glycerol; the presence of
glycerol also increases quantum yield (Fig. 3) and lifetime
(Table 3). A red shift in the spectrum is attributed to kinetic
relaxation of highly dipolar water [27], and increased lifetime
and quantum yield can be attributed to the decrease in various
non-radiative processes.

Table 3 Fluorescence maxima (λmax), quantum yields (Φf), fluorescence lifetime (τi) for NATA, GK-WT and GK single-tryptophan enzymes

Com-
pound

Solvent Fluorescence
λmax (nm)

QYb (Φf) τι (ns) αι ϰR
b <τ>b (ns) (Φf)/ Φ0

observedd
<τ>/<τ > 0

lifetimese

NATA Water 350 0.14 3.02 1 0.97 3.02 1 1

Glycerol 342 0.294 1.94 0.124 0.93 5.55 2.1 1.84

5.72 0.876

cyclohexane 334 - - -

GK-WT Buffera 326 0.094 1.53 0.630 0.99 3.68 1 1

4.85 0.367

+ Glucose 326 0.187 1.91 0.700 1.02 3.96 2.0 1.08

5.60 0.300

Glycerol (95%) 329 0.242 2.08 0.363 1.01 4.82 2.6 1.31

5.42 0.637

W99 Buffer 334 0.070 1.51 0.653 1.07 3.71 1 1

4.97 0.347

+ Glucose 336 0.109 1.66 0.699 1.07 3.84 1.6 1.04

5.39 0.301

Glycerol (95%) 328 0.319 1.77 0.304 1.21 4.68 4.6 1.26

5.12 0.696

W167 Buffer 330 0.125 1.55 0.665 1.04 3.78 1 1

5.12 0.335

+ Glucose 325 0.223 2.00 0.607 1.03 3.65 1.8 0.97

4.73 0.393

Glycerol (95%) 328 0.287 1.92 0.429 1.3 4.96 2.3 1.31

5.72 0.571

W257 Buffer 323 0.086 1.58 0.772 1.09 3.41 1 1

4.90 0.282

+ Glucose 320 0.103 1.73 0.788 0.99 3.08 1.2 0.90

4.85 0.212

Glycerol (95%) 324 0.114 2.16 0.463 1.25 4.16 1.3 1.22

5.04 0.537

W65 Buffer 336 0.099 - - nd 1 -

+ glucose 336 0.085 - - nd 0.85 -

glycerol (95%) 337 0.110 - - nd 1.1 -

a Buffer: 20 mM K phosphate, 50 mM KCl, 1 mM ethylenediaminetetraacetic acid (EDTA), and 1 mM dithiothreitol (DTT), pH 7.2. glucose/buffer:
100 mM D-glucose in buffer; glycerol: 95% glycerol/buffer (v/v), nd: not determined
b Based upon quantum yield of NATA reference: Szabo and Rayner [22]
c <τ > =Σαιτι

2 /Σαιτι
d Ratio of QY measured by fluorescence intensity (column 4) with glucose or glycerol/ without
e Ratio of <τ > averaged over integrated intensity (column 7) with glucose or glycerol/ without
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In contrast to NATA, upon addition of D-glucose
substrate or in the presence of glycerol and non-
substrate sugars, Trp in the protein shows very large
changes in quantum yield, with little changes in absorp-
tion and emission spectra and fluorescence lifetime. We
suggest that discrepancy between the model compound
and Trp in protein can be explained that by Trp
forming an excited state dark complex in the protein.
In this model the protein exists as a distribution of
conformations, and in one or several conformations
the fluorescence of Trp is quenched. Adding substrate
shifts the conformation of the closed form, in which the

dark complex is either not present or present in a lower
concentration. The similar emission spectrum and life-
time could suggest that the substrate-free and substrate
are the same species – i.e., a certain fraction of the
protein is in the closed form, but this hypothesis is
not proven.

The idea that resting glucokinase exists in more than
one conformation form is consistent with kinetic data
since, in spite of being a monomeric enzyme, liver glu-
cokinase kinetics show cooperativity with regard to glu-
cose concentration [28, 29]. This model is also support-
ed by x-ray scattering [30] and by steady-state fluores-
cence measurements [31]. Without substrate, x-ray anal-
ysis shows an open form for substrate free enzyme and
a closed form for glucose-bound enzyme [10]. The pro-
tein that may correspond to the open form or may be
another conformation, since in solution it is likely that
there is a distribution of conformations.

A question arises about the nature of the dark com-
plex. Amino acids can quench by proton transfer and
electron transfer. The side chain of His, Lys, Cys, Ser
and Tyr are all candidates for quenchers of Trp fluores-
cence [32, 33]. Carbonyl groups also produce intra-
molecular quenching of indole fluorescence [16, 34].
The many interactions that occur for excited state Trp
in proteins results in complex decay behavior [34].

In Fig. 10, a blow-up of the area around W99 is shown. In
the x-ray determined structure of GK in the glucose-bound
form, Trp99 is separated from His 218 by closer to Lys90 than
in the glucose-free form. Tyr214 can affect Trp99 and its po-
sition is shown on the figure. W167 is in close proximity to
Lys169, Lys 172 and Ser174. W257 is in the area of Cys382
and Cys230.W65 is closer toH218 in the glucose-bound form
than in the glucose-free form of GK. This perhaps explains the
slight decrease in quantum yield from this enzyme when
glucose binds.

The data showing that glycerol and non-substrate sugars
enhance fluorescence and binding can also be interpreted in
the view of the existence of two conformations of GK.
Glycerol and sugars act as osmolytes. They remove water
from proteins, stabilizing the condensed, more stable confor-
mational forms [18, 35].

Why then does the condensed, more structured forms of
GK show higher fluorescence yields than the unstructured
forms that are essentially totally quenched? We consider two
reasons for this: 1) that in the unstructured form the quencher
groups, whether the carbonyl or amino acid side groups, are
able to weakly complex with the indole ring and quench the
fluorescence.When the protein is structured, the amide groups
are involved in H-bonding to form the secondary and tertiary
structure and the amino acid side chains that quench are held
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Fig. 8 Data from Table 3. Gray closed circles are GK in buffer, blue
closed circles are with the addition of D-glucose, and red closed circles
are GK in glycerol (95%). Open circles are NATA in buffer and 95%
glycerol. Trend line shows the slope of the data for NATA
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Fig. 9 Structure of human glucokinase. Positions of tryptophan residues
and amino acids that were mutated are indicated. Co-ordinates were
obtained from the Protein Data Bank entries IV4T (no glucose) and
IV4S (with glucose). RasMol program (version 2.7.1) was used to
create the figure. Data from Kamata et al. [10]
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away from indole ring. 2) Since fluorescence increases
when water is excluded, we also need to consider
whether water directly plays a role in forming the
quenching complex. These two possibilities can be ex-
amined with the use of model compounds, as well as
computational approaches.

The large fluorescence change upon glucose binding
makes GK a potential subject for use as a clinical glucose
sensor. Hexokinase from yeast has been considered for this
purpose [36]. As noted by Pickup et al., glucose binding to
yeast hexokinase results in a relatively small decrease in fluo-
rescence intensity. An increase in fluorescence such as seen in
human GK would produce better sensitivity and reliability.
Therefore, glucokinase would be a more promising molecule
for sensor development. We note also that, with the use of
recombinant DNA techniques, human glucokinase can be pre-
pared in large quantities at relatively low cost and that mutants
with the desired glucose sensitivity can be tailor-made.

In conclusion, GK fluorescence increases upon glucose
binding or in the presence of osmolytes without a concomitant
change in fluorescence lifetime. We attribute this to indicate
that in the unstructured form of the enzyme, a dark complex
exists between excited state Trp and a quencher molecule.
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