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ABSTRACT. Cooperativity with glucose is a key feature of human glucokinase (GK), allowing its crucial
role as a glucose sensor in hepatic and pancreatic cells. We studied the changes in enzyme intrinsic
tryptophan fluorescence induced by binding of different ligands to this monomeric enzyme using stopped-
flow and equilibrium binding methods. Glucose binding data under pre-steady state conditions suggest
that the free enzyme in solution is in a preexisting equilibrium between at least two conformers (super-
open and open) which differ in their affinity for glucosiésf = 0.17 + 0.02 mM andKq = 73 + 18

mM). Increasing the glucose concentration changes the ratio of the two conformers, thus yielding an
apparenKq of 3 mM (different from akK, of 7—10 mM). The rates of conformational transitions of free

and GK complexed with sugar are slow and during catalysis are most likely affected by ATP binding,
phosphate transfer, and product release steps to allo e be 60 s'. The ATP analogue PNP-AMP

binds to free GK (super-open) and Giglucose (open) complexes with comparable affinitiés€ 0.23

4+ 0.02 and 0.1%- 0.08 mM, respectively). However, cooperativity with PNP-AMP observed under
equilibrium binding conditions in the presence of glucose (Hill slope of 1.6) is indicative of further complex
tightening to the closed conformation. Another physiological modulator (inhibitor), palmitoyl-CoA, binds

to GK with similar characteristics, suggesting that conformational changes induced upon ligand binding
are not restricted by an active site ligand. In conclusion, our data support control of GK activi§mand
through the ratio of distinct conformers (super-open, open, and closed) through either substrate or other
ligand binding and/or dissociation.

Glucokinase (hexokinase D, often known as hexokinase Inrecent years, several groups have reported the discovery
IV, EC 2.7. 1.1) is one of the four glucose-phosphorylating of small molecules which enhance glucokinase activity by
isoenzymes present in mammals and plays the role of abinding at an allosteric site. These compounds stimulate
glucose sensor in pancreafiecells and hepatocyteg) The insulin secretion in a glucose-dependent manner in pancreatic
significance of glucokinase in the control of blood glucose fS-cells and increase the level of glucose use in rat hepato-
is underscored by data from transgenic animals, in which cytes. Activators lowered blood glucose levels and improved
GK* activity has been modulated, and in humans, possessingglucose tolerance tests in wild-type and diet-induced obese
enzyme mutations. Pancreatic or liver-specific GK knockout mice (DIO) @—10).
mice display hyperglycemi&), while overexpression of GK The sigmoidal glucose saturation curve, an unusual
in mice leads to lower fasting blood glucose levels and property for a monomeric enzyme, allows glucokinase to
resistance to the development of high-fat diet-induced perfectly serve its biological function as a glucose sensor.
diabetes §, 4). In humans, naturally occurring inactivating Models that account for the cooperative kinetic behavior of
and activating mutations in the glucokinase gene were glucokinase assume the existence of two different conforma-
reported to cause maturity onset diabetes of the young typetions with different affinities that interconvert slowly, thus
2 (MODY2) (5, 6) and persistent hyperinsulinemic hypogly- allowing glucose to increase the proportion of the conforma-
cemia of infancy (PHHI)T), respectively. These data, taken tion with a higher affinity (1, 12). A recently determined
together, illustrate the importance of the GK in regulating crystal structure of inactive (ligand-free) and activated (with
glucose homeostasis and suggest that pharmacologicablucose and an allosteric small molecule bound) human
activation of this enzyme in type 2 diabetes patients could glucokinase demonstrated a global domain reorganization
have clinical benefits. upon ligand binding which could account for a slow step
and cooperativity 13).

* To whom correspondence should be addressed. Phone: (609) 818- Glucokinase cooperativity is a desirable kinetic property,
5197. Fax: (609) 818-6935. E-maiil: jovita. marcinkeviciene@bms.com. and understanding how different ligands impact it could
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. nggmgm 8; ,\C/Igf;?)'gﬁ‘é %?;g;"sg'sgy' provide a novel framework in the search for useful pharma-

1 Abbreviations: GK, glucokinase: PNP-AMP, adenosird/Ey- cologica_l_agents.. In_this work, we descripe pre—ste_ady state
imido)triphosphate; NAGN-acetylo-glucosamine. and equilibrium binding methods for following how different
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ligands (substrates and inhibitors) affect conformational The signal change in time at one concentration of the ligand

transitions in glucokinase. was defined byk.ps In the experiments in whichkgps
decreased with an increasing ligand concentration, data were
MATERIALS AND METHODS indicative of a rate-limiting conformational change prior to

the efficient binding event according to SchemelT){(

Expression and Purification of Human Glull-length Scheme 1
human hepatic GK (untagged) was expressed in BL21 STAR L K
(DE3)pLysS cells (Invitrogen) at 28C as described by E==FE* 4+ | == FE*_
Mooknhtiar et al. {4). The protein was purified essentially ks
as described previousl{ %) with slight modification. Briefly,
cell pellets were lysed via three rounds of freezing and
thawing, centrifuged at 150@0for clarification, and pre-
cipitated with 46-65% (NH,),SO,. The resulting pellet was
resuspended in buffer, dialyzed, and applied directly to a Ky*
Q-Sepharose (Sigma) column following the elution as Kobs = Kg k_3K*——I-[L] 1)
described earlier. The most active fractions were applied to d
a high-resolution Tricorn MonoQ (10/100 GL) column (GE

Healthcare), and the protein was eluted with a linear O to 1 ing ligand concentration (glucose or palmitoyl-CoA), data

M NaCl gradient. The activity eluted in two very well \yere fitted to a one-step binding mechanism, according to
resolved peaks (a major peak at 350 mM NaCl and a minor gcheme 2 and egs 2 and 3:

peak at 400 mM NacCl) which were identical in their specific
activity, kinetics, and behavior on the SDS protein gel. Our Scheme 2
final enzyme solution was a mixture of both fractions. The

where L is any ligand. This scheme was used to model
glucose, palmitoyl-CoA, and PNP-AMP binding. For this
schemekqps depends on [L] according to eq 1:

In experiments wherk,psincreased linearly with an increas-

k
major fraction separately exhibited kinetic properties identical E+L k;‘l EL
to those of the mixture. -

Stopped-Flow Binding StudieRapid kinetic studies were Kops = Ki[L] + k4 (2)

performed using an Applied Photophysics SX18MV stopped-
flow spectrofluorometer with excitation at 285 nm. The and

instrument was set wit a 2 mm path length cell and

excitation band of<10 nm. The emission intensity was K :E 3)
monitored through a cutoff filter (WG-320 nm) installed in a7 Kk,

front of the photomultiplier. The dead time of the instrument

was 1.2 ms. Experiments were performed under pseudo-first-Both of the paradigms mentioned above can be integrated
order conditions by mixing equal volumes of the enzyme into Scheme 3,

(final concentration of M) and ligand in 25 mM Hepes,
1 mMDTT, and 5 mM MgCi (pH 7'1)_' In the cases In which between GK Forms with Glucose Concentration
precomplexed enzyme was studied, excess ligand was i

included in both syringes (to compensate for dilution effects), E +G =— EG

but only one contained the variable second ligand. Rate . 1lk3 g ﬂ 0
constantsky,s from the fits to single- or double-exponential - it k2

equations) were determined from five to eight runs under E*+ Gk—T‘ E*G +ATP
each cond_ition. Values dto.bs as a functi(_)n of the Iig_and aE is a super-open for-m of the enzyme, E* the open form, and G
concentration were then fit to the specific mechanism as glucose. The closed form of the enzyme with both substrates bound
shown below. (glucose and ATP) is not represented here.

Equilibrium Binding Studiedntrinsic tryptophan fluores-
cence changes at equilibrium were monitored using a Hitachi
F-2500 fluorescence spectrophotometer. Samples were ex
cited at 285 nm and emission spectra collected from 290 to
400 nm. Ligand titrations involved AL additions to a 1
mL glucokinase solution (M) in 25 mM Hepes with 1

Scheme 3: Proposed Mechanism of the Interconversion

where G is glucose. In this case, we assumed that measured
kons Was reflective of formation of (EGE*G). Values for

the forward ks andk,) and reversek( ; andk_,) conforma-
tional changes induced by glucose binding can be obtained
by fitting the data to eq 41Q):

mM DTT and 5 mM MgC} (pH 7.1). All emission values k k
were corrected for dilution. Palmitoyl-CoA titrations were ks + [G]-> k g+ [G];f
performed in buffer without MgGIto minimize potential Ko = Kqg n Ky 4)
micelle formation £6). bs [G] [G]

Data AnalysisThe change in the fluorescence signal under 1+ Td 1+ K_d*

the pre-steady state conditions was related to the transition

of one enzyme species (E) to another (either E*L or where [G] is the concentration of glucos€, = k-1/k;, and
EL+E*L) upon ligand binding. In the experiments where Kg* = k_4/ks. Scheme 3 and eq 4 were used to calculate the
the transient could be fit to a single-exponential equation, parameters for palmitoyl-CoA binding.

we assumed that only one enzyme form yielded a fluores-  Palmitoyl-CoA binding transients were biphasic, dog
cence signal or multiple forms with the same quantum yield. for the second phase hyperbolically increased with the ligand



Glucokinase Studies by the Stopped-Flow Binding Method Biochemistry, Vol. 46, No. 5, 20071425

concentration ([L]). In this case, data could be described by Scheme 5

a two-step binding mechanism shown in Scheme 4: K K, K,

E*-L1<—E-L1—E+L1+L2—E-L2
—1

Scheme 4
T In this mechanism, the expression for the apparent first-order
E+LELEL rate constant will be
. : [L1]
According to this scheme Kops = K; 7] +k_,; 9)
1 _
(ot kI i e Kl(l e )
bs Kd 4 [L] —2 ( )

If rate limitation occurs with a conformational change

) Lo ) . induced by second ligand binding (NAG) according to
whereKg is k-1/k; (binding constant for the first step). Since  gcheme 6

the hyperbolic nature of the curve is indicative of the

accumulating EL complex, the fin&ls* expression (for the ~ Scheme 6
E*L complex), in addition td_,/k,, includes &Ky variable. K, K, K
E-L1=—=E+L1+2=—E-L2=—=FE*-L2

. Ko, ) K
Kq" = k, + k_, ©6) Then the apparent rate constant is represented by eq 10:
Fquiliﬁriumbbipdi“g data for PNP-AMP vg_er(ej' fitted tc;] eq7 Kops= Ky [L2] 1] +k_, (10)
or a erbolically increasing one-site binding isotherm:
yp y 9 9 [L2] + K2(1 K, )
AF[L]
= [L]T (7) In both schemed; is aKq for the enzyme-glucose complex
d

andK; is aKq for the enzyme-NAG complex.

where AF, is the total change in GK fluorescence, [L] iS RESULTS
the ligand concentration, aid; is the dissociation constant.

Where fluorescence data showed a sigmoidal dependence, a Binding of Glucose to the Free Enzyme under Stopped-
Hill equation was used to calculate thg of the ligand: Flow ConditionsWhen glucose was rapidly mixed with the
free enzyme, an increase in the magnitude of the fluorescence
h signal was observed, and the transients were fitted to a single-
— AFq[L] 8) exponential function (Figure 1) to yield an apparent rate
[L] ht1 K dh constantk,,s Under our experimental conditions, there was
no indication of a double-exponential increase at any glucose
whereh is the Hill coefficient andKy is an accumulative conc_entrations, aIth.ough biphasic tracgs have been observed
parameter indicating binding to different conformers. previously for the His-tagged panpreatlc Gl However,'
. whenkgps values were plotted against glucose concentration,
A separate set of experiments were conducted to probe, ¢jaar biphasic dependence could be observed (Figure 2).
the glucose dissociation rate by displacement. When two ¢ |0\ concentrations, the rate decreased exponentially with

competing ligands, L1 (glucose) and LAN-Bcetylglu- 54 increasing glucose concentration but started increasing
cosamine (NAG)], were tested for their mutual displacement, o+ ~oncentrations above 3 mM. This unusual behavior

two potentifll pathways were evaluated. When enzyme andgqgested that the enzyme in solution exists as a mixture of
glucose (E*-L1 and E-L1) in one syringe were mixed with - conformers with different affinities for glucose. To obtain
NAG (L2) in the other, a decrease in the magnitude of the e initial estimates for the parameters, the data were fitted
signal was observed. The rate of this signal decrease wasg o separate equations. The initial portion of the curve
ks Since binding of glucose to the enzyme causes an ;1o 3 mM glucose) was modeled to Scheme 1, and the
increase in fluorescence, we hypothesized that NAG was 414 were fitted to eq 1 to yield a forward isomerization rate
displacing glucose, thus restoring the initial fluorescence (E- (ks) of 0.4+ 0.1 s'1, a reverse ratek(s) of 2.3+ 0.3 s
L2 complex did not have a distinct signal as tested by mixing anq ak,* of 0.06 + 0.01 mM. At higher concentrations
enzyme with NAG in an independent experiment). BY (hetween 5 and 50 mM), the apparent ratgg increased
varying either the NAG concentration in the first syringe |inearly with an increasing glucose concentration and could
anq keeping a _constant enzyme/glucose _mlxture in the secontye described by either a one-step (Scheme 2) or a two-step
syringe or varying the glu.cose concentration at cpnstant NAG binding mechanism, where the intermediate does not ac-
and enzyme concentrations, we measukgd This set of ¢ ymylate and the transition between the steps is not rate-
data allowed us to probe the rate-limiting step during the limiting (20). Fitting the data to egs 2 and 3 gavéa (ki)
ligand displacement and choose the appropriate model.  f554 1.3 ML sL, akeg (koy) of 0.4+ 0.1 51, and thus
The mechanism in Scheme 5 predicts that the L1 (glucose)a Ky of 73 & 18 mM. This value for glucose binding to the
binding-associated conformational change is slow and rate-low-affinity conformer is close to the reported literature value
limiting (17): of 50 mM obtained by simulation according to the gluco-
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presence of 25 (plot 1) or 2 mM glucose (plot 2). Glucose was
present in both syringes. Data were fit to eq 1. The fitted parameters
at 25 mM glucose were as followd = 0.244+ 0.02 s, kg =
Moy AN T 0.37+ 0.03 s, andKg4* = 0.35+ 0.1 mM.
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since no saturation was observed up to 50 mM glucose and
05 . . . . the mechanism described by eq 4 predicts a two-step binding
0 2 4 6 8 10 reaction. The calculates* was 0.174+ 0.02 mM.

Ficure 1: Stopped-flow fluorescence time courses for the binding  Binding of Glucose in the Presence of PNP-AMP under
of glucose (50 mM) to glucokinase (). The bottom panel shows  gtopped-Flow ConditionsVhen 1M glucokinse was mixed
the residuals for the single-exponential fit. . -

with 1 mM PNP-AMP, no significant changes were detected
under stopped-flow conditions (in 10 s). However, in the
presence of glucose (in both syringes), a single-exponential
decrease in fluorescence was observed. The apparent rate
0.7 4 constant K,,9 decreased with an increasing PNP-AMP
concentration (Figure 3), suggesting that this ligand changes
the equilibrium between the GK conformers (complexed with
e glucose) the same way that glucose does (Scheme 1). The
calculatedKy for PNP-AMP (eq 1) at 25 mM glucose was
0.35+ 0.1 mM, and at 2 mM glucose, thg for PNP-AMP
was 0.20+ 0.08 mM. Interestingly enough, the rate of PNP-
AMP-induced forward isomerization rate of glucokinase
0.4 1 complexed with 25 mM glucose was lower compared to just
the glucose-induced isomerization rate (024€.02 st in
- . ’ ’ the presence of PNP-AMP and 3i40.2 st in its absence).
' 0 20 40 60 However, the reverse isomerization rate was higher compared
with the reverse isomerization rate of just the enzyme
FIGURE 2: Dependen nal ncentration. The solid  9ucose complex (0.3% 0.03 stin the presence of PNP-
IinGeUis a fit tgpeeq cjfe Tcheedfif?t)(se?j p%rua?nc;ie(;g vsgret Ztsc:‘ollowg:io 9 AMP and 0.07+ 0.01 s in its absence). The accuracy of
03+01s,k=34+02sLKy>100mMk 3=1.2+0.3 these experiments was hindered by the low signal amplitude.
s1 k=0.07% 0.01 s, andK4* = 0.17+ 0.02 mM. At each We, therefore, initiated equilibrium binding studies.

g{feigz%dc?g %g?ct[ﬁgg'b’s five to eight curves were recorded and Equilibrium Binding of PNP-AMPChange; in thg intrinsic
tryptophan fluorescence of GK upon addition of ligand could
be observed under equilibrium conditions as well (Figure 4
kinase mnemonical reaction mechanistt)( The complete  A). Titration of GK with glucose resulted in an increasing
set of ks Values was modeled using Scheme 3, which signal magnitude (curve 2 in Figure 4A), while addition of
describes the glucose-dependent interconversion of the twoeither PNP-AMP alone (curve 3 in Figure 4A) or PNP-AMP
enzyme forms. These initial estimates were then used to fitin the presence of glucose (curve 4 in Figure 4A) showed a
all the data to eq 4. The forward isomerization rates for free significant quenching of the protein fluorescence, suggesting
enzyme (E) and enzyme complexed with glucose (EG) werethat free GK as well as GK complexed with glucose binds
0.3+ 0.1 ks) and 3.4+ 0.2 s (ky), respectively, and the  the ATP analogue quite well. Titration of free glucokinase
reverse isomerization ratels_g andk_,) were 1.2+ 0.3 and with PNP-AMP vyielded a clear hyperbolic dependence, and
0.07 + 0.01 st for the free enzyme and the complex, data fitted to eq 7 gave Ky of 0.23 + 0.02 mM (Figure
respectively. Unfortunately, th&y calculated from this  4B). When a similar titration was performed in the presence
equation displayed a high value 100 mM) and high error, ~ of 50 mM glucose, a clear sigmoidal dependence was

0.8

kobs, s

0.5 1

glucose, mM
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Ficure 4: Equilibrium titration of glucokinase (M) with PNP-
AMP. (A) Spectra of free enzyme (1), enzyme with 20 mM glucose
(2), enzyme with added 26M PNP-AMP (3), and enzyme with
added 20 mM glucose and 20 PNP-AMP (4). (B) Dependence

of the GK intrinsic fluorescence changes on PNP-AMP concentra-
tion. Data were fitted to the eq 7, and the calculdtgdvas 0.23

4 0.02 mM. (C) Dependence of the glucokinase intrinsic fluores-

cence changes on PNP-AMP in the presence of 50 mM glucose.

Data were fitted to eq 8, and the estimatedwas 0.190+ 0.008
mM, with a Hill slope of 1.6.

observed (Figure 4C), and the data were fitted to eq 8,
yielding aK4 of 0.190+ 0.008 mM and a Hill slope of 1.6
(Figure 4C).

Transients for Binding of N-Acetylglucosamine (NAG) to
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Ficure 5: (A) Stopped-flow fluorescence time courses of 100 mM
NAG binding to glucokinase in the absence (trace 1) and presence
of 3 mM glucose (trace 2). (B) Dependence kgfs on glucose
concentration in the presence of 100 MM NAG. Data were fitted
to eq 10. The estimated parameters were as follofystor NAG

(K2) = 30+ 4 mM, Kq for glucose K;) = 2.3+ 0.3 mM,k; = 2
+0.2s? andk; =1.1+0.1sk

conditions up to 100 mM NAG (curve 1 in Figure 5A), but
when 3 mM glucose was added to the mixture (in both
syringes), a significant decrease in the magnitude of the
signal was observed (curve 2 in Figure 5A). Since the signal
amplitude was the opposite of that demonstrated by glucose
binding, we hypothesized that NAG was displacing glucose
from its binding pocket. However, when the NAG concen-
tration was titrated from 10 to 100 mM (in the presence of
3 mM glucose), we observed an increasekdg, (data not
shown), suggesting that tig for NAG is much higher than

the previously reporteld; of 0.24-2 mM (21, 22). To further
probe the interaction between glucose and NAG, we titrated
glucose in the presence of 100 mM NAG. If glucose binding
or dissociation is slow and rate-limiting (Scheme Bs
should increase with glucose concentration and decrease with
an increasing NAG concentration (eq 9). Our data indicated
the opposite, thak.,s increased with an increasing NAG
concentration (at low glucose concentrations) and decreased
with an increasing glucose concentration (Figure 5B). This
suggests that NAG binds and dissociates even more slowly
than glucose, most likely binding at the same site, but

GK. In the absence of glucose, we were not able to detectpreferentially to a different conformation of glucokinase
any significant changes in signal under pre-steady state(Scheme 6). Data were fitted to eq 10, and kador NAG
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A 50 same conditions, reconfirming that only long chain acyl-
CoAs are ligands for GKZ3). The ko5 Values for the fast

“27 phase followed the pattern observed for glucose binding: at

46 1 low concentrations of palmitoyl-CoA, the rate constants were
decreasing, and at concentrations abou®5rate constants
g 441 increased linearly (Figure 6B, plot 1). Thgys values for
3 a2 ] the slow phase exhibited a hyperbolic dependence on ligand
s concentration (Figure 6B, plot 2). These data suggest that
£ 40 palmitoyl-CoA binding yields at least two transient com-

plexes with different spectroscopic properties (in equilibrium

381 binding studies, formation of two species was also observed;

36 4 data not shown). The fast phase data (plot 1 in Figure 6B)
could be described by Scheme 3 (or Schemes 1 and 2 to
34 . . . . obtain initial estimates) and, when fitted to eq 1, gave values
0 10 2 %0 40 of 0.244 0.03 and 6+ 2 s * for the forward kz) and reverse
time, s (k-3) isomerization rates, respectively. Data were fitted to

eqs 2 and 3, resulting inkan (ki) of 4.6 x 10* M~1stand

a ko (k-1) of 0.065 st and subsequently Ky of 1.4 uM.
Interestingly, this value is close to tig we calculated from

0.0 ot N\ S b A A A A equilibrium titration studies (data not shown) of 18l and

' the apparent inhibition constant reported in the literature of
1.8uM (23). Slow phase data (plot 2 in Figure 6B) exhibited

a hyperbolic dependence on palmitoyl-CoA and could be
described by Scheme 4. When fitted to eqs 5 and 6, values
B 12 for ko + k-5, ko, andKq were calculated to be 0.24%
0.009 s?, and 9.5uM, respectively.

0.3

-0.3

DISCUSSION
0.8 -
Mammalian organisms have evolved diverse mechanisms
for controlling the rate of glucose phosphorylation depending
upon the different needs and metabolic functions of different
tissues. In brain and muscle, glucose phosphorylation
provides energy; therefore, the rate is controlled by the
demand for glucose 6-phosphate. Logically, predominant
021 2 isozymes in these tissues are hexokinases with characteristi-
//P,},—I cally low K, values for glucose and feedback inhibition by
0.0 ' - - - glucose 6-phosphate. In the liver and pancreas, however, the
0 5 10 15 20 25 . .
purpose of glucose phosphorylation is to regulate the glucose
concentration in the blood. Therefore, the rate of phospho-
FiGUrRe 6: (A) Stopped-flow fluorescence transient of /B rylation in these tissues depends on the glucose supply rather
palmitoyl-CoA binding to glucokinase (0/8V) in the presence of  han the glucose 6-phosphate demand. Not surprising is the

50 mM glucose. The bottom panel shows the residuals for the . . : 7
double-exponential fit. (B) Dependence ks of the fast phase ~ [act that liver and pancreatic glucokinase have distinct

(1) and slow phase (2) on palmitoyl-CoA concentration. The line catalytic and kinetic properties (from the brain and muscle
through the points represents a fit to eq 4. Even though the software-enzyme) to better serve this physiological function. The

derived plot fitted the experimental data points well, the calculated pronounced positive cooperativity of this monomeric enzyme
parameters had high errors; therefore, the reported constants ar oward glucose allows it to maintain extremely high sensitiv-

0.6

kobs, s

0.4 1

Palmit-CoA, uM

from the fits to eq 1. Fitted parameters for the slow phase (eq 5)

were as follows:k, + k_» = 0.24+ 0.03 s, k_, = 0.009+ 0.002 ity and responsiveness in the normal physiological glucose
s1, andKg = 9.5+ 0.4uM. range of 2.55 mM (24, 25). Storer and Cornish-Bowden
(26) proposed that this unusual cooperativity for a monomeric
(K2) was calculated to be 3& 4 mM. k; equaled 2+ 0.2 enzyme is purely kinetic in origin and can be explained by
s k-; equaled 1.1 0.1 s'. TheKq for the glucoseKs) a “mnemonical” mechanism. Briefly, it requires that free

was 2.3+ 0.3 mM. TheKq for glucose is that for the mixture  glucokinase exist in two forms that bind glucose with
of two conformers and is in good agreement with the value different affinities to give the same catalytically competent
measured from the amplitudes of the stopped-flow transientsenzyme-glucose complex. The cooperativity of glucose
(Kg = 3 mM) and that reported in the literature in the binding is reflective of the change in the relative proportions
presence of 5% glycerollL(). of the two forms of the enzyme that occur as the glucose
Binding of Palmitoyl-CoA under Stopped-Flow Conditions. concentration increases. These two enzyme forms are readily
When palmitoyl-CoA was mixed with GK under stopped- observed in pre-steady state binding experiments (Figure 2),
flow conditions in the presence of 50 mM glucose (no*N)g which can be described by Scheme 3. The fast on-rate, high-
clear biphasic transients were observed (Figure 6A). Interest-affinity conformer (E* in Scheme 3) is most likely in a lower
ingly, octanoyl-CoA did not exhibit any binding under the proportion. Although this conformer binds glucose better and
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Table 1: Microscopic Rate Constants for the Interconversion of the Two GK Forms upon Glucose Binding

values calculated

values calculated simulated parameters

from eqs -3 fromeq 4 using Scheme 3
E to E* EG to E*G Eto E* EG to E*G Eto E* EG to E*G
rate for forward isomerization (%) 0.4+0.1 - 0.3+0.1 3.4+ 0.2 0.48 4.6
rate for reverse isomerization (3 2.3+0.3 - 1.2+0.3 0.07+0.01 1.1 0.06
Kq (MM) (E + G) 73+ 18 >100 72
Kg¢* (mM) (E* + G) 0.06+ 0.01 0.17+ 0.02 0.09

could catalyze phosphorylation faster, it accounts for only a glucose binding results in a slow transition between the

small fraction of the total enzyme, and therefore, its
contribution to the total rate is apparently small. Glucose
binding eliminates free E* and shifts the equilibrium between
the free enzyme forms, E and E*, allowing more E to convert
to E*. At low glucose concentrations (until [G] K4*), the
rate of E*G formation Kop,9 is limited by the transition of E

to E*, step 3 (decreasingons With an increasing glucose

super-open and open forms, the ATP analogue (and possibly
ATP) tightens the enzyme from the open to the closed
conformation. PNP-AMP binds to the super-open form as
well [in the absence of glucose (Figure 4B)] but does not
shift it to the open conformer (unless glucose is present).
The resultingVmax for glucose phosphorylation catalyzed by
glucokinase is a subtle interplay between the rates of

concentration). When the glucose concentration is sufficiently conformational transitions (including relaxation) caused by

high that E* is saturated>(K4*) and significant binding of
glucose to E occurs (transition from EG to E*G is most likely

substrate binding and product release. It is possible that more
than three crystallographically identified forms of GK are

not rate-limiting, since we never observed biphasic traces present during steady state turnover.

indicative of EG accumulation), a linear increase in the
apparent rate constant is observed. Interestingly,Kifte
calculated for the E*G complex was 0.1 0.01 mM, a
value similar to theK, value for glucose for the cooperat-
ivity-devoid hexokinase27). This finding suggests th& s
(or K or Kos) measured in activity experiments is an
accumulative parameter reflecting binding of glucose to
different affinity conformers, including rate constant(s) for
the conformational transition(s). Not surprisingly, tgfor
glucose for each conformer (0.17 and 73 mM) is different
from the S s measured under steady state conditionsl(@
mM) (28, 29).

To further confirm the proposal for the two conformers,

In a further attempt to assess dissociation of glucose and
reaction product from the different GK conformers, we
probed withN-acetylglucosamine (NAG). Special interest
in this particular inhibitor was stimulated by the finding that
NAG supresses glucose cooperativi8f) and maintains a
low Kq. It has been suggested that NAG is a competitive
inhibitor (with glucose) with &; of 0.14-0.24 mM versus
glucose 22, 30) and 0.63 mM versus deoxyglucosel).
Two competing ligand binding studies allowed us to conclude
that even though glucose and NAG might be binding at the
same site, they bind preferentially to different GK conform-
ers. The absence of cooperativity with NAG already sug-
gested that this ligand does not bind to the super-open

Scheme 3 was used to simulate the glucose binding transientgonformation. At high glucose concentrations, the enzyme

using KINSIM and FITSIM. When initial estimates of the
parameters calculated from eq 4 were provided to KINSIM,
a good agreement of the theoretical plot with the experi-

is predominantly in the open conformation, and it is not
surprising that a competitive component between NAG and
glucose has been observedl). An increasing glucose

mental transient was obtained. The FITSIM-optimized values concentration affected NAG binding in two opposite (and
were in good agreement with those experimentally obtained self-canceling) directions. On the one hand, an increasing

(Table 1), which reconfirmed the validity of the proposed

glucose concentration was stabilizing more the open form

mechanism. Interestingly, the simulations suggested that onlyof the enzyme that is available to bind NAG. At the same

~5% of the free enzyme is in the E* conformation.

time, the more GK there is in the open form, the lower the

The rate of the slow conformation change upon glucose appareniy (more enzyme in the high-affinity conformation)

binding is much lower than thé of 50-60 st (29),
suggesting that this rate limitation must be diminished in

and the more difficult it is to displace glucose. Therefore,
the slow conformational change associated with NAG

the presence of the second substrate, ATP. The pre-steadyinding is most likely reflective of the enzyme transition from

state binding of the ATP analogue, PNP-AMP, did not reveal

the super-open to the open forms (or other as yet crystallo-

significant improvement in the glucose binding parameters graphically unidentified enzyme forms).

(data not shown). We observed a decreasejgfor PNP-
AMP binding (with an increasing PNP-AMP concentrations)

To understand if these GK conformational changes are
controlled only by ligands binding at the active site, we

at both low and high glucose concentrations (Figure 3). This studied binding of palmitoyl-CoA, a reported potent allosteric

is consistent with the presence of two enzystigand
complexes at equilibrium and interconversion with an
increasing ligand concentration (most likely, the E€E*G
transition facilitated by PNP-AMP binding). We could not

inhibitor (16, 23). Interestingly enough, we found that even
though this ligand binds at a location other than the active
site, it is capable of inducing very similar conformational
transitions. The biphasic traces observed upon palmitoyl-

study product dissociation, since glucose 6-phosphate andCoA binding most likely are indicative of ligand binding in

ADP were very weak binders (high millimolar range).

a two-step mechanism and yielding complexes with different

These data support the hypothesis proposed by Kamata espectroscopic properties. By analogy to glucose, palmitoyl-
al. (13) that the enzyme shuttles among at least three CoA binds to both, the super-open and open forms. The
conformations: super-open, open, and closed forms. While difference is that the open form binds palmitoyl-CoA with
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Table 2: Effect of Various Ligands on GK Transitions
PNP-AMP PNP-AMP palmitoyl-CoA palmitoyl-CoA
NAG? (with glucose) (without glucose)  (with glucose complex f)  (with glucose complex IF)
forward complex 24+0.2 0.24+ 0.02 3.4+ 0.2 0.24+ 0.03 0.24+ 0.01
isomerization rate (3)
reverse isomerization 1.1+0.1 0.37+ 0.03 0.07+£0.01 6+ 2 0.009+ 0.001
rate (s)
Kg (MM) 30+ 4 0.35+0.1 0.19+0.01 0.0014+ 0.0002 0.009t 0.001

2 Results are from data fitting to eq 10Results are from data fitting to eq 1Results obtained form the data for the fast phase of the fluorescence
transient. Data fokops were fitted to eq 19 Results obtained from the data for the slow phase of the fluorescence transient. Datavfere fitted

to egs 5 and 6.

a sufficiently high affinity for the EL complex (analogous ACKNOWLEDGMENT

to EG in Scheme 3) to accumulate as demonstrated by the
hyperbolicky,s dependence of the slower phase (Figure 6B
plot 2). Interestingly, this ligand is a reported inhibitor,
meaning that it decreases the apparent GK activity either by
increasing theK,, of the substrate (apparent competitive
inhibitor) or by a combination of increasing th&, and
decreasing thk.,: (mixed-type inhibitor). Even though it was
reported that palmitoyl-CoA is affecting only the, for
glucose (without altering the Hill coefficient8), these
conclusions were made on the basis of Dixon plots, which,
when nonlinear, do not give unambiguous answers. We
anticipate that this inhibitor could potentially bind to the
super-open conformation (E in Scheme 3) and thus stabilize
more of the low-affinity conformer. In kinetic studies, this
would result in an increaseH, for glucose. Additional
binding of palmitoyl-CoA to the open form would allow the
enzyme to maintain the same Hill coefficient (indicative of
a transition between the two forms) without affectikg;

too much. These data suggest that other molecules binding
at the allosteric site(s) would impact GK transitions in a
manner similar to that of the active site ligands.

All kinetic parameters for these diverse ligand binding are
presented in Table 2. The data suggest that even though
ligands bind to different sites, they all affect GK by inducing
transitions and most likely altering the ratio between the
different conformers.

Glucokinase kinetic properties have been studied for more
than three decades. Steady state analysis of the enzyme’s
kinetic mechanism in a coupled assay is complicated by
multiple factors. This enzyme demonstrates cooperativity
with glucose which is dependent on ATP concentration.
During the reaction, the concentration of various inhibitory
ionic species changes depending on the ratio of the reagents
and pH (ATP~, Mg?", ADP®~, and MgADP) (26, 32), and
other factors interfering with GK activity (unpublished data).

It is not surprising that a set of diverse conclusions have
been presented and supported by different authors. In this
study, we chose to isolate binding steps from catalysis and
thus were able to provide strong evidence of the previously
implied, but never demonstrated, preexisting equilibrium of
two free enzyme conformers: the super-open and open forms
(13, 21, 26). This phenomenon underlying enzyme cooper-
ativity and the resulting glucose sensing capacity are
extremely important in identifying suitable antidiabetic
agents. On the basis of the mechanism discussed here, one
could argue that ligands which stabilize GK allosterically in
a low-affinity conformation (manifested by a loM¢, and a
Hill slope of unity) might not be the most desirable agents.
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