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ABSTRACT: The transient kinetics of glucose binding to glucokinase (GK) was studied using stopped-flow
fluorescence spectrophotometry to investigate the underlying mechanism of positive cooperativity of
monomeric GK with glucose. Glucose binding to GK was shown to display biphasic kinetics that fit best
to a reversible two-step mechanism. GK initially binds glucose to form a transient intermediate, namely,
E*-glucose, followed by a conformational change to a catalytically competghiddse complex. The
microscopic rate constants for each step were determined as follows: da cdt857 M~ s™* and off

ratek-; of 8.1 s* for E*-glucose formation, and forward rake of 0.45 s and reverse ratk_, of 0.28

s~1 for the conformational change front Ejlucose to Eglucose. These results suggest that the enzyme
conformational change induced by glucose binding is a reversible, slow event that occurs outside the
catalytic cycle k.ot = 38 s'1). This slow transition between the two enzyme conformations modulated by
glucose likely forms the kinetic foundation for the allosteric regulation. Furthermore, the kinetics of the
enzyme conformational change was altered in favor @ii€ose formation in BD, accompanied by a
decrease in cooperativity with glucose (Hill slope of 1.3 igODvs 1.7 in HO). The deuterium solvent
isotope effects confirm the role of the conformational change in the magnitude of glucose cooperativity.
Similar studies were conducted with GK activating mutation Y214C at the allosteric activator site that is
likely involved in the protein domain rearrangement associated with glucose binding. The mutation enhanced
equilibrium glucose binding by a combination of effects on both the formation*eflécose and an
enzyme conformational change tegiicose. Kinetic simulation by KINSIM supports the conclusion that

the kinetic cooperativity of GK arises from slow glucose-induced conformational changes in GK.

Glucokinase (GKor hexokinase V) is a member of the 5). GK has a low affinity for glucose as a substrate with a
hexokinase (HK) family and catalyzes the phosphorylation Kqs of ~7 mM, which is within the physiological glucose
of glucose to glucose 6-phosphate, the rate-limiting step in range. The enzyme also has no direct feedback inhibition
glycolysis. It serves as a glucose sensor of glucose-dependerity its product glucose 6-phosphate. Although it is a mono-
insulin secretion in pancreatf&cells and regulates glucose meric enzyme, GK displays a sigmoidal saturation curve for
uptake and glycogen synthesis in the livér-@). GK plays glucose with a characteristic Hill slope ofl.7. The
a critical role in glucose homeostasis as evidenced by inflection point of the sigmoidal curve {45 mM) is close
naturally occurring mutations that lead to pathogenic com- to the physiological threshold for glucose-stimulated insulin
plications. Inactivating mutations in GK have been linked secretion in3-cells. Functionally, this positive cooperativity
to maturity-onset diabetes of the young (MODY2), an with glucose allows the enzyme to have increased sensitivity

autosomal dominant form of diabetes mellitus), (while {0 fluctuations in blood glucose level8)( Together, these
activating GK mutations lead to varying degrees of hyper- kinetic properties enable GK to be highly responsive to
insulinemia and hypoglycemi®<8). glucose levels and to ensure that the glucose metabolic flux

Compared to other HKs, GK has unique biochemical s closely tied to the glucose concentration.

kinetics that accounts for its role as a glucose serkoB( The crystal structures of GK suggest that the enzyme
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differential scanning calorimetry. glucose, suggesting some similar mechanistic properties in
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A

Ficure 1: Glucokinase undergoes a large conformational change from (A) the apoenzyme form to (B) the complex form with glucose
(yellow) and the activator (black). Helice8;sheets, and flexible loops are colored red, blue, and green, respectively. The structures were
adapted from the Protein Data Bank entry of Kamata etldl). (

GK activation by perturbation of the allosteric site. Among and ATP were obtained from Sigma. Deuterium oxide@D
the GK activating mutations, Y214C causes some of the most>99% pure), deuterium chloride, and sodium deuterioxide
severe clinical symptoms of hypoglycemia and hyperin- were also purchased from Sigma. Yeast HK was obtained
sulinemia B). Structurally, Y214 has been shown to interact from Worthington Biochemical Corp. All other reagents were
with a GK activator at the allosteric site and is located at ACS grade or better.
the connecting region of two domains that is directly involved  Expression and Purification of Recombinant Proteifise
in enzyme conformational change upon glucose bindliy ( cloning of humang-cell GK has been described previously
16). Itis reasonable to hypothesize that the enzyme structural(17). The protein was expressed Escherichia coliBL21-
changes are closely linked to the allosteric modulation of (DE3) cells with an N-terminal hexahistidine tag. Bacterial
GK activity. cells were grownn 2 L cultures of 2XYT medium initially

In this study, the kinetics of the structural transition from at 37°C, containing 10@:g/mL ampicillin. OnceAsqo reached
apo-GK to glucose-bound GK was investigated by monitor- 0.6, 0.1 mM IPTG was added to induce enzyme expression
ing the changes in the intrinsic protein fluorescence associ-overnight at 23C. Purification was achieved by sequential
ated with glucose binding using stopped-flow spectropho- chromatography on a Rfi—nitriloacetate column and a size-
tometry. Biphasic kinetics was observed for glucose binding, exclusion column. The purity of the enzyme was verified
suggesting a two-step binding mechanism: initial formation by SDS-PAGE and QTOF-MS. Protein concentrations were
of an enzyme-glucose complex followed by an enzyme determined by the method of Bradfortigj. Homogeneous
conformational change. The associated microscopic rateenzyme was stored in aliquots-a80 °C in a pH 7.5 buffer
constants were determined for this two-step mechanism, andcontaining 25 mM HEPES, 50 mM NaCl, 5 mM DTT, and
the results showed that the enzyme conformational changes59% glycerol.
is a slow step. Furthermore, GK activating mutation Y214C  the gligonucleotide primers used to generate allosteric site
was studied to elucidate the relationship between the y,tation Y214C are as follows: forward primer, GCC ACG
structural perturbation at the allosteric site and the biphasic A-Tg ATC TCC TGC TGC TAC GAA GAC CAT CAG
kinetics, and the underlying mechanism for GK activation. 1Gc: and reverse primer, GCA CTG ATG GTC TTC &T
Because activating GK mutations modulate enzyme activity 5ca GCA GGA GAT CAT CGT GGC. Underlined nucleo-
in a manner similar to that of small molecule activators, this fjges indicate the site of mutation. The QuickChange site-
study provides insight into how small molecule activators gjrected mutagenesis kit (Stratagene) was used to generate
may achieve their pharmacological effects. This analysis may the mytant, and dideoxy sequencing ensured the fidelity of
further contribute to our understanding and the design of the mytant constructs. A pET15b-glucokinase vector encod-
small molecule GK activators as potential therapeutics for jng the mutant was used to transfofa coli BL21(DE3)

the treatment of diabetes. cells. The mutant protein was purified by the same protocol

EXPERIMENTAL PROCEDURES that was used for wild-type GK.
Steady-State Kinetics of Wild-Type (WT) GK and Y214C.

Materials. Glucose, 2-deoxyglucose, pyruvate kinase/ Initial rates for GK activity were measured at 25 using a
lactate dehydrogenase (PK/LDH), phosphoenolpyruvate (PEP)PK/LDH coupled assay. This coupled enzyme system was
dithiothreitol (DTT), tris(2-carboxyethyl)phosphine (TCEP), chosen over glucose-6-phosphate dehydrogenase for two



Transient Kinetics of Glucose Binding to Glucokinase Biochemistry, Vol. 45, No. 24, 2006555

reasons. First, the ATP concentration remains constant byreversibility by varying the scan speed was performed. As
regeneration through the coupled reaction. Second, thethe thermal unfolding of GK was reversible upon heating to
product inhibition of ADP on GK, although weak, can be the thermal midpoint of the transition but not reversible after
minimized by immediate conversion to ATP. To determine heating to a temperature sufficient to establish a post-
the steady-state kinetics with respect to glucose or ATP, thetransition baseline, only the thermal midpoint of the transition
assay was performed using-B0 mM glucose at a saturating  from the fitting result was reported. The data were fit using
concentration of 2 mM ATP, or62 mM ATP at a saturating  ORIGIN provided with the instrument. Background scans,
concentration of 50 mM glucose in a buffer comprised of collected with buffer in both the sample and reference cells,
50 mM HEPES (pH 8.0), 3 mM MgGJ| 25 mM KClI, 0.7 were subtracted from sample scans prior to analysis.

mM NADH, 2 mM DTT, 4 mM PEP, and 1 unit/mL PK/ Equilibrium Binding Affinity for Binding of Sugar Sub-
LDH. For 2-deoxyglucose as the substrate, 2 mM ATP was strates to Glucokinasé he binding of glucose or 2-deoxy-
used in the assay. The assay was conducted in a 96-wellglucose to GK causes an increase in the intrinsic protein
plate with a final volume of 10QL. Reactions were initiated  fluorescence of GK, which was monitored by fluorescence
by the addition of enzyme and monitored by the depletion spectrometry (Tecan Safire). The assay was performed in a
of NADH at 340 nm. Under these conditions, the initial 96-well plate with a final volume of 106L. The equilibrium
absorbance was alwaysl.2 OD units. A lag phase observed binding affinity of glucose or 2-deoxyglucose was measured
in the time course was allowed to pass, and the steady-statdy incubating the enzyme with various concentrations of the
initial rate was determined using the assay time range of sugar substrate. Each sample contained:¥Qenzyme in
200-900 s. This lag phase became negligible when the 50 mM HEPES (pH 8.0), 25 mM KCI, and 2 mM DTT at
enzyme was preincubated with glucose, and the reaction wa25 °C with either 6-50 mM glucose or 6400 mM
initiated by the addition of ATP. However, the order of 2-deoxyglucose. Samples were excited at 290 nm, and
addition of reagents did not change the initial steady-state fluorescence emission was scanned from 305 to 400 nm
rate. The steady-state kinetic parameters were determinedexcitation and emission band-pass set at 5 nm). The maximal
by curve fitting to the Hill equation (eq 1) for glucose due GK protein absorption and emission wavelengths were
to its sigmoidal kinetics, and MichaetidMenten equation  determined to be 290 and 330 nm, respectively. The
for ATP with hyperbolic kinetics using a nonlinear regression fluorescence readout at thgax 0f 330 nm was corrected by

analysis program (Prism, GraphPad Inc.). subtracting the background fluorescence obtained in the
absence of substrate and plotted as a function of substrate
Via ng concentratiors. The binding affinity Kp) and the associated
=— (1) standard errors were determined by fitting the data to a
Kos T S binding equation using nonlinear regression analysis [fluo-
rescence= fluorescencga.S(Kp + 9.
whereVnax is the maximal activity of GKSis the glucose Transient Kinetics of Sugar Substrate Binding As Deter-

concentration,Kos is the glucose concentration at half- mined by Stopped-Flow Spectrophotomefne-steady-state
maximal activity,h is the Hill slope, and/ is the activity at kinetics was measured by the rapid mixing of enzyme and
a given glucose concentratic substrate at 25C using an Applied Photophysics SX.18MV
Substrate Binding to WT GK by Differential Scanning stopped-flow spectrophotometer (dead time of 1 ms). Enzyme
Calorimetry. Differential scanning calorimetry (DSC) was (final concentration of 5 or 1@M) and varying concentra-
used to examine the binding of glucose or ATP to GK. DSC tions of sugar substrate (final concentrations oF&0 mM
experiments were performed using a VP-DSC instrument glucose or 16-400 mM 2-deoxyglucose) in 50 mM HEPES
from MicroCal, Inc. (Northampton, MA). The glucokinase (pH 8.0), 25 mM KClI, and 2 mM DTT were introduced into
was exhaustively dialyzed against 50 mM HEPES buffer (pH the stopped-flow apparatus via separate syringes. Reactions
8.0), 25 mM KCI, and 2.0 mM TCEP. The protein concen- were initiated by the rapid mixing of the two solutions. The
tration was determined spectrophotometrically using a cal- change in the intrinsic enzyme fluorescence was monitored
culated extinction coefficient of 31 150 Mcm™1, and the using a 320 nm cutoff filter with excitation at 290 nm.
protein concentration used for all scans was 0.3 mg/mL. Prior Readings were recorded on a log time scale to capture the
to the measurements, 1.0% (v/v) DMSO was added, and thefast phase kinetics. The kinetic time traces were analyzed
samples were degassed. GK thermal denaturation scans wergsing Applied Photophysics SX.18MV version 4.2 based on
performed in the absence and presence of either 100 mMa robust nonlinear regression (Marquardt) algorithm. At least
glucose or 10 mM ATP with 10 mM MgGl Scans were  five traces per substrate concentration were collected, and
typically run from 20 to 70°C at a scan rate of 9%C/h in the average was used in the curve fitting. For biphasic
the passive mode. The reversibility of GK thermal denatur- kinetics, the rate constantfs;andkobsy and the amplitudes
ation was assessed by checking the reproducibility of 20 (A; and Ay) were determined from double-exponential fits
70°C scans after cooling and rescanning of a protein sample.to eq 2. ParameteC in eq 2 was a fitting variable.
An aliquot of the protein was scanned to @Wto determine
the thermal midpoint of transitio) of GK under the stated Y= Alefk""s1t + Azefk"bszt +C (2)
conditions. A second aliquot of the protein was then heated
to 50°C (the approximatd&y, as determined by the previous A similar study with yeast HK was also performed to
scan), cooled, rescanned to PC, cooled, and again determine its kinetics of substrate binding. A quench in
rescanned to 7C°C. The scans were more than 90% protein fluorescence of HK (520 uM) was observed at the
reproducible after heating to 50C but were completely  steady state in the presence of-01lmM glucose. However,
irreversible after heating to 7GC. No attempt to assess the a majority of the fluorescence change caused by glucose
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Scheme 1: Model for Kinetic Partitioning in Glucokinase
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binding occurred within the dead time of the stopped-flow
instrument (1 ms). Thus, the transient kinetics for binding
of glucose to HK could not be well determined. The
measurement limit okops is <1500 s

Sobent Kinetic Isotope Effect®uffers prepared in BD
were adjusted to the desired pD value with either sodium
deuterioxide or deuterium chloride using a pH meter.
Appropriate corrections were made to the meter reading
according to the formula pB= meter readingt 0.4 (19).

To maximize the deuteration of protonated amino acid
residues, the enzyme was exchanged into the appropri@te D
buffers via Centricon ultrafiltration at least five times. The
enzyme was then incubated in thebuffer far 4 h on

ice. The buffer exchange did not result in any loss of enzyme
activity.

Solvent kinetic isotope effects for glucose turnover and
glucose binding were determined under identical conditions
as described above in,D and HO buffers and reported
using the nomenclature of NorthropQ) as the ratio of the
parameter measured in® over that in RO.

Kinetic Simulations.The kinetic simulation program
KINSIM (21) was used to model the data. The aim of the

simulation was to test whether the enzyme mechanism
outlined in Scheme 1 and the measured rate constants o

glucose binding give rise to the kinetic cooperativity of GK.

Equations used in the simulation were written as described

in Scheme 1 except the steps of ATP binding, phosphoryl

group transfer, and product release were simplified as one;

step described bl The rate constants for each step were
assigned on the basis of the experimentally determined value
(K, k-1, ko, k—p, andk.s) and assumptiongkd, k—s, andkeejay).

The delta time was set to 500 s with the integral tolerance

set to 0.1. The reaction progress curves were simulated a

t

Heredia et al.

Table 1: Steady-State Kinetic Parameters for WT GK and Y214C
in (A) H20 and (B) BO

WT GK Y214C
glucose 2-deoxyglucose glucose
(A)H0
Keat (571) 38+1 29+ 1 39+1
Ko.s (MM) 72+0.2 153+ 19 22+01
Hill slope 1.7+0.1 1.1+ 0.1 1.2+01
Km(ATP) (mM) 0.14+ 0.01 \[s2 0.23+0.01
(B) DO
Keat (571) 18+1 20+ 1 24+ 1
Ko.s (MM) 5.7+0.2 80+ 7 144+0.1
Hill slope 1.3+0.1 1.0+0.1 1.1+ 01
Km(ATP) (mM) 0.18+ 0.02 \[o2 0.32+0.01

a2 An accurateK(ATP) could not be determined because of limits
imposed by 2-deoxyglucose solubility at saturating level8q0 mM).

analogue 2-deoxyglucose, and ATP. Results are summarized
in Table 1. WT GK exhibited positive cooperativity with
glucose (Hill slope of 1.7) while showing little cooperativity
with 2-deoxyglucose (Hill slope of 1.1). Compared to
glucose, 2-deoxyglucose was a poor substrate for WT GK
with a 20-fold increase inKgs. For the GK activating
mutation Y214C, the enhanced catalytic efficiency mainly
came from a 3-fold decrease in tlgs of glucose while the

keat remained the same. Thk, for ATP was slightly
increased for Y214C versus that for WT. The positive
cooperativity with glucose observed with WT GK was nearly
eliminated with GK activating mutation Y214C (Hill slope
of 1.2).

The steady-state kinetic parameters igODwere deter-
mined to evaluate solvent isotope effects (Table 1B). For
WT GK, normal solvent isotope effects &g were observed
as 2.1+ 0.1 and 1.4+ 0.1 using glucose and 2-deoxyglucose
as the substrate, respectively. The positive cooperativity with
glucose was decreased in@with a Hill slope of 1.3. For
Y214C with glucose, the solvent isotope effectlopn was
1.6 + 0.1, similar to that of WT GK.

Formation of a Binary Complex with Glucokinase and
Glucose Before binding studies for the sugar substrates with
humanp-cell GK were initiated, differential scanning cal-
orimetry studies were conducted to confirm the formation

Pf a binary complex between the enzyme and glucose in the

absence of ATP. Specific binding of a substrate to protein
is predicted to shift the transition temperature of protein
unfolding to a greater valu@®). The results were obtained
after we subtracted a buffebuffer reference trace, normal-
ized them for concentration and scan rate, and removed a

sorogressive baseline representing the contribution of the heat
o

apacity change. These resultant traces were fit using a non-
two-state model with a zero heat capacity change. The
thermal midpoint of the transitions was determined to be 48.0
4 0.1, 49.6+ 0.1, and 48.0+ 0.1 °C for GK alone, GK

various substrate concentrations. Steady-state initial velocmesWith 100 mM glucose, and GK with 10 mM ATP-Mgg|

were obtained from the linear part (96800 s) of the
simulated curve. The concentration-dependent rates were fi
to the Hill equation (eq 1) to obtain the Hill slope aKds

for glucose or 2-deoxyglucose with GK and Y214C.

RESULTS

Steady-State Kinetics of WT GK and the Y214C Mutant.
Steady-state kinetic properties of recombinant hufhaell
WT GK and Y214C were determined for glucose, its

t

respectively. The glucose concentration used for the DSC
study was approximately 20-fold greater than the glucose
Kp as determined by fluorescence binding studies, while the
ATP concentration was approximately 70-fold greater than
the ATP K, determined by steady-state kinetic studies.
Whereas the thermal unfolding of GK in the presence of
glucose produced results significantly different from those
obtained in the absence of glucose, the results for the thermal
unfolding of GK and the GK/ATP/MgGI mixture were
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2500 A. GK WT: Glucose
%2000 ? 4.00
3 2 3.80
§ 1500 % 3.60
@ 1000 5 340t
S o 2 320
- 9 3.00F
s 2 280"
Glucose, mM 2 260 i
FiGURE 2: Binding isotherm for binding of glucose to WT GK (in - 2.40 . Time (seconds)
H,0 and BO) and to Y214C (in HO): (W) WT GK in H,0, (@) 0.5 15 25 35 4.5
WT GK in D;0, and @) Y214C in HO. 12E-1
-1.2E-1 -
Table 2: Binding Affinities Kp) and Solvent Isotope Effects (SIE)
of WT GK and Y214C with Glucose and 2-Deoxyglucose B.GK WT: 2-Deoxyglucose
WT GK Y214C 5, 410
glucose 2-deoxyglucose glucose 2-deoxyglucose ﬁ
Kp(H:0) (MM) 4.54+0.2 419+32  0.67+0.05 96+ 12 § 3'90_
Kp(D;0) (MM) 1.9+ 0.1  413+34  0.87+0.09 96+ 10 £ 570l
SIE,POKp 24402 1.0+£01 0774013 1.0+0.2 o
5t I
S 3.50}
essentially indistinguishable. The addition of glucose resulted &
in a 1.6°C shift in theT, and a significant sizable increase g 3.30
in the enthalpy of unfolding. This result clearly demonstrated = )
the formation of a binary complex between GK and glucose = 3.10 Time (seconds)
in the absence of ATP. 1 3 5 7 9
Equilibrium Binding Affinity of Sugar Substrates for 5.8E-2
GlucokinaseThe intrinsic protein fluorescence of GK was -5.8E-2
utilized to determine binding affinities for its natural substrate
glucose and the substrate analogue 2-deoxyglucose. The .
binding curves of glucose with WT GK and Y214C are €. Y214C: Glucose
shown in Figure 2, and the fitted results are summarized in > 4.05¢
Table 2. The glucose binding curves exhibited a hyperbolic é
curvature, in contrast to the sigmoidal dependence with @ 4.001
glucose in glucose turnover for WT GK. The binding affinity £ 395t
of glucose for the wild-type enzymég = 4.5 mM) was s
slightly lower than theKos (7.2 mM) determined from 5 3.90
steady-state kinetic measurements of glucose turnover. The % 3.85
binding study confirmed that 2-deoxyglucose was a poor 5 3.80
substrate for WT GK with an~100-fold weaker binding = Time (seconds)
affinity (Kp = 419 mM). A higher binding affinity was ~ 375
observed when glucose binding was measured in,@-D 8. 0E 1 3 5 7 J
solvent systemKp = 1.9 mM), leading to an isotope effect ‘
of 2.4+ 0.2. The activating Y214C mutation yielded higher -8.9E-2

binding affinities for the sugar substrates witb values for FiGURE 3: Representative stopped-flow transient kinetics observed

glucose and 2-deoxyglucose of 0.67 and 96 mM, respec-for sugar substrates with human GK. All reactions were carried
tively. out in 50 mM HEPES buffer (pH 8.0) containing 25 mM KCI and

. S A . 2mM DTT at 25°C. The protein fluorescence was monitored usin
Tran3|en_t Kinetics (_)f Sugar Subs_trgte Binding to G|U09kl- a 320 nm cutoff filter upgn excitation at 290 nm. (A) Reaction 0?
nase. Previous studies characterizing GK have mainly 15 mM glucose with 9.6:M WT GK. (B) Reaction of 150 mM
focused on the steady-state kinetic portion of the mechanism.2-deoxyglucose with 7.2ZM WT GK. (C) Reaction of 0.5 mM
Such measurements are reflections of overall events andd!ucose with 9.6:M Y214C. The time traces were fit to a double-
cannot distinguish between the formation and decay of a’i(tﬁ’]ogiem'al-equat'on-(gq 2). Below each graph is the residual error
. . . . . phaS|c curve flttlng.

individual intermediates on the reaction pathway. To deter-

mine whether glucose binding to GK consists of one event and 2-deoxyglucose binding to WT GK are shown in panels
or multiple events, rapid mixing experiments were conducted A and B of Figure 3, respectively, and glucose binding to
to detect and analyze the transient enzyme-bound specie$sK Y214C is shown in Figure 3C.

using stopped-flow spectrophotometry. The binding event The transient kinetic traces of GK exhibited biphasic
was monitored by the intrinsic protein fluorescence change behavior suggesting two kinetically distinguishable events.
upon sugar substrate binding, as observed in the equilibriumThe observed rate constant for the first phdegs;, was
binding experiments. Representative time traces for glucoselinearly dependent on the sugar substrate concentration, while
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T 0.00-¢ T T T T
40 0 10 20 30 40
Glucose, mM Glucose, mM

FiGure 4: Representative fits of observed rate constants of glucose binding to WT GK (A and B) and Y214C (C and D). (Akx&let of
vs the concentration of glucose binding to WT GK fit to eq 3. (B) Plok&t,vs the concentration of glucose binding to WT GK fit to
eq 4. (C) Plot okyps1 VS the concentration of glucose binding to Y214C fit to eq 3. (D) Pld,gf vs the concentration of glucose binding
to Y214C fit to eq 4.

the second-phase rate constdmis, exhibited a hyperbolic  on eq 5. The derived microscopic rate constants are listed
dependence on the substrate concentration (Figure 4). Foin part A of Table 3 for WT GK and part B for Y214C.

WT GK, the amplitude for the first phaséy was relatively For WT GK, the transient kinetic analysis indicated that
small at~25% of the total fluorescence change. These resultsthe enzyme conformational change induced by glucose
suggest that the first phase describes a bimolecular bindingbinding was a slow and reversible process witky/_, of
event with a small perturbation of enzyme conformation, and 1.6. The most significant difference between glucose and
the second phase involves a large enzyme conformational2-deoxyglucose in the substrate binding to WT GK was the
change. This two-step binding process is shown in the 15-fold lower on rate; with 2-deoxyglucose, while the rates
scheme below, where*Eand E represent two enzyme for the subsequent enzyme conformational change were

conformations and S is the substrate. similar.
‘ " Activating mutation Y214C exhibited altered transient
E* + Sk=l E*-S=—E-S kinetics for glucose binding. The amplitude for the first phase
—1 2

(A)) was ~50% of the total fluorescence change. The

Under pseudo-first-order conditior8% E), kops: andkops2 microscopic rate constants changed by42fold in favor of

are related to the microscopic rate constdaik 1, ky, and ~ 9lucose binding to Y214C. With 2-deoxyglucose as the
k_» by egs 3 and 423): substrate for Y214C, onlk, was increased by 10-fold, while

the remaining microscopic rate constants were unchanged
Kops1= K1 + kS (3) compared to those of WT GK. For Y214C, both glucose
and 2-deoxyglucose shifted the equilibrium betweenSE*
kS and ES with similarka/k—, ratios of 12 and 10, respectively,
Kobsz= K2+ K +s (4) despite differences in individual rate constants.
s The equilibrium binding affinityKp is the overall com-
where bination of the microscopic kinetic constants of the multiple
binding steps as described by eqZl) TheKp calculated
Ks=K_a/k ®) from transient kinetic data fitting was within 2-fold of the

. o experimentaKp determined by fluorescence titration (Table
The rate constants andk_; for the first step binding were P e y (

obtained by fittingkops1 to €g 3. For the second step of the 3.

enzyme conformational change, rate constdatand k_» K K

were determined by fittindons2 to €q 4.Ks was fit as a Kp=-— ——— (6)
variable and was within 2-fold to the calculated value based ky Ko+ ko,
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Table 3: Microscopic Rate Constants Associated with Binding of Substrate to (A) WT GK and (B) Y214C and Solvent Isotope Effects (SIE)
Using Glucose as the Substrate

parameter glucose @) glucose (RO) SIE, glucose (kD/D;0) 2-deoxyglucose (}D)

(A) WT GK

ki (M~1s™) 557+ 36 541+ 66 1.0+ 0.1 37+ 3

koi(sh) 8.1+0.7 14+1 0.58+0.11 13+ 1

ko (s7h) 0.45+ 0.02 0.71+ 0.04 0.63+ 0.07 0.28+ 0.03

k2 (sh) 0.28+ 0.02 0.091+ 0.010 3.1+0.1 0.36+ 0.01

- 1.6+0.1 7.8+0.9 0.78+ 0.09

Kp(calc} (mM) 5.6+0.8 2.9+ 0.6 198+ 31
(B) Y214C

kk (M~ts) 1050+ 64 1140+ 59 0.92+ 0.08 32+ 4

ki (sh) 47+1.2 5.1+ 1.0 0.92+ 0.30 18+ 1

ko (s79) 0.94+ 0.05 0.89+ 0.05 1.1+ 0.1 2.8+ 0.5

koo (s7h) 0.078+ 0.014 0.07H 0.015 1.1+0.3 0.27+0.01

ko/k-» 12+ 2 12+ 3 10+ 2

Kp(calc} (mM) 0.34+0.11 0.33+0.10 50+ 11

aThe Kp value is calculated on the basis of eq 6.

Table 4: Summary of Steady-State Kinetic Parameters Obtained from Kinetic Simulation
WT GK with glucose WT GK with 2-deoxyglucose WT GK with glucose Y214C with glucose

parameter (H20) (H20) (D20) (H20)
Kos (mM)
simulation 9 178 5 3.2
experimental value 7.20.2 153+ 19 5.7+ 0.2 2.2+0.1
Hill slope
simulation 15 11 13 13
experimental value 1201 1.1+0.1 1.3+ 0.1 1.2+ 0.1

KINSIM SimulationsBecause of the difficulty in directly  studies. The slightly greater simulatkgls values versus the
measuring the rate constants of the active form E in glucosemeasured ones may be due in part to the simplification of
binding ks andk_3) and its isomerizationk{eay) under the combining ATP binding, catalysis, and product release into
current experimental settings, these parameters were assignedne step. The effect of the simplification was to provide one
values in the simulation based on two assumptions. First, fewer form of the enzyme with glucose bound and could
the E form should bind glucose at a significantly higher lead to an underestimate of the fraction of enzyme with
affinity. For WT GK, theKp (k-s/ks) was set at 0.2 mM,  glucose bound, thereby slightly increasing s value in
approximately 20-fold lower than the equilibrium dissociation the simulation relative to the measured value.
constant of 4.5 mM. This value is similar to the measured
Ko of 0.1 mM for yeast HK with glucose (V. Heredia and DISCUSSION

S. Sun, unpublished results). This is a reasonable assumption . . : . N
. , o . The underlying mechanism for the sigmoidal kinetics of
since the active site in the-g@ucose closed form is nearly . . . .
identical to that in yeast HK10, 11). Theks must be large GK has been a primary interest in the study of this
y S 9 {nonomeric enzyme. The traditional concerted model for

enough to support the observed enzyme turnover such thal . . .

ksS> keat(38 5. Thus ks was setat 20 000 Ms L With — CooPe Ve k'”gt'cs doﬁ.s ot applyto a monioMmeric enzyme

anSof 50 mM, ksSis 1000 s?, a value significantly larger with a single substrate-binding site. Recently, the possibility
' X of two glucose binding sites in GK was raisezb). In our

thanka. As a result, thes value was calculated as S's study, the equilibrium binding of glucose to GK in the

For Y214C, ks andk-; were set at 20000 M s and 1 absence of ATP displays a hyperbolic dependence on glucose
s™1 respectively. The&p (k-g/ks) for Y214C is now 0.05 : pays a hyperbc P e | gluce
: o concentration, consistent with a single glucose-binding site
mM, approximately 16-20-fold lower than the equilibrium X
. o that was also observed in the crystal structure of GHB, (
dissociation constant of 0.67 mM. o - . .
o ] ] 14, 15). Thus, the positive cooperativity with glucose in GK
Second, the apo form E to'EEonversion is an irreversible  appears to originate from a kinetic property. Several kinetic
process assuming E* is thermodynamically favored. In models have been proposed to explain the cooperative
addition, thekeiax (E to E*) should be higher thak—, (E-  kinetics for GK, such as a mnemonical mod2b) and a
glucose to E-glu.cose) because glucose enhances the stabilitysjow transition model Z7). The common feature in these
of the enzyme in complex form (Blucose). For WT GK,  models is that the enzyme exists in two distinct forms that
thekeixWas set at 1's for both glucose and 2-deoxyglucose jnterconvert by substrate binding. The enzyme conforma-
as the substrate. Becaulse the enzyme is more stabl@n D tional transition is slow relative to the catalytic step, and
for WT (k-, = 0.091 s%) and Y2}4C k-2 = 0.078 s7) the two enzyme forms do not reach equilibrium at the steady
than \£VT GKin HO (k-2 = 0.28 ), keelax Was defined as  state, leading to cooperative kinetics with the substrate
0.2 s for both WT in D,O and Y214C. concentration. The crystal structures of GK in its inactive
Table 4 summarizes the simulated resultKg§ and the form (apo-GK) and active form (Gf§lucoseactivator
Hill slope in comparison to the experimentally measured complex) demonstrated large conformational changes be-
values, which showed close agreement for all the casetween the two forms1(, 28). In the apo form, the enzyme
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displays a “wide-open” conformation without a definitive are released, the apoenzyme exists in the active form, E,
allosteric site. Once GK forms a complex with glucose and which can either relax back to the thermodynamically favored
the activator, the enzyme adopts a more compact form with form, E* (keeiay, Or bind glucose if available to re-enter the
well-defined sites for both glucose and the activator, mainly catalytic cycle ks andk_3). The ratio of inactive form (E*)
through substantial reorganization of the small domaB).( to active form (E) is determined by these two competing
To investigate the linkage between the structural change inevents. At low glucose concentrations, the majority of the
GK and its kinetic profile, we studied the transient kinetics free enzyme is in the inactive form (E*); thus, the overall
of glucose binding in relation to the glucose-induced con- enzyme activity is very low. When the glucose concentration
formational change in GK, and furthermore the kinetic basis is sufficiently high, glucose retains the enzyme in the active
of GK activation by mutation at the allosteric site. form (E). The shift in the ratio of enzyme isoforms toward
Sequential Binding of Glucose and ATP to HungaGell active form E caused by glucose gives rise to the observed
WT GK. Glucose cooperativity in GK makes steady-state positive cooperativity with glucose.
kinetic analyses of the enzyme’s kinetic mechanism difficult. ~ The glucose-induced enzyme conformational change is 85-
To avoid this challenge, Monasterio et al. used the non- fold slower than the rate of glucose turnover at saturating
cooperative substrate 2-deoxyglucose to demonstrate arsubstrate concentrationk,(= 0.45 s vs keat = 38 s3),
ordered bi-bi mechanism for rat liver GK in which the sugar which implies that the conversion from E* to E occurs
substrate binds prior to MTP and MgADP is released  outside the catalytic cycle of GK. Upon close examination
last 29). However, isotope-exchange measurements per-of the time course of the steady-state kinetics for glucose
formed at equilibrium in an earlier report suggested a small turnover, a lag phase is observed when assays are initiated
portion of random behavior, although no binaryAEP by enzyme but not when enzyme and glucose are preincu-
complex could be detecte®@). In this study using dif- bated before addition of ATP to initiate the reaction
ferential scanning calorimetry, a shift in the thermal midpoint (Supporting Information). Because binding of glucose to GK
of transition of GK observed in the presence of glucose and primes the enzyme to enter the catalytic cycle, a lag phase
the absence of a shift in the thermal midpoint of transition is apparent especially at low glucose concentrations, which
in the presence of ATP suggest that substrate binding occurseventually decreases as the glucose concentration is in-
via sequential events with glucose binding first followed by creased. This lag phase is likely not due to the coupled-assay
the cofactor ATP. As no cofactor binding was observed in system as addition of excess coupling enzyme had no effects
the absence of glucose, glucose binding must be a pre-on the lag phase and the steady-state rates.
requisite for ATP binding. Additional supporting evidence for the kinetic basis of
Kinetic Characterization of the Glucose-Induced Confor- positive cooperativity of GK comes from the transient kinetic
mational Change in WT GKBinding of glucose to GK  analysis of the noncooperative substrate 2-deoxyglucose. The
induced a global alteration in the enzyme conformation that biphasic transient kinetics observed with 2-deoxyglucose
caused the changes in its intrinsic protein fluorescence. Thesuggests that the two-step event of substrate binding and
observed biphasic transient kinetics is consistent with a two- consequent enzyme conformational change still occurs. While
step reversible binding mechanism of an initial bimolecular the microscopic rate constants for the enzyme isomerization
binding event followed by a slow enzyme isomerization step. step k; andk_,) are essentially the same as those for glucose,
This biphasic nature of glucose binding was previously the initial binding step is now dramatically decreased with
observed in rat liver GKZ7). Because of technical limita- a 15-fold lower bimolecular rate constakt, The intrinsic
tions on the time scale for monitoring the reaction, the slow binding of 2-deoxyglucose to GK may lead to the
previous study was performed in 5 or 30% glycerol to slow reduced sigmoidal kinetics.
transient kinetics. Only the kinetics for the slow second phase There are significant solvent isotope effects on glucose
was determined. Our study confirms the presence of biphasichinding as well as glucose turnover in WT GK. GK has a
kinetics and also extends the current understanding by2.4-fold higher binding affinity for glucose in @ than in
measuring binding rates at very fast time scales in the H,O. The detailed transient kinetic analysis shows that the
absence of glycerol. The difference in the reported transientD,0O effects come from both the initial glucose binding and
rate constants is likely due to the experimental conditions subsequent enzyme conformational change. The glucose on
and the time scale used to measure the kinetics. rate, ks, is not changed, whereas the glucose off rlatg, is
Coupled with the structural evidence for a large confor- increased from 8.1 to 14§ This is offset by a shift in the
mational change in GK upon glucose bindirdg), a kinetic equilibrium between E and E* toward the active form (E)
model describing the substrate binding and subsequentin D,O by the combination of a 1.6-fold increasekinand
turnover is proposed in Scheme 1. A thermodynamically a 3-fold decrease in the reverse stkp; (ko/k-» = 1.6 in
favored apo-form Einitially binds glucose to form the’® H,O vs 7.8 in DO). Thus, the active form (E) is more stable
glucose binary complex. This apoenzyme is essentially in D,O. The net result is that the overall glucose binding
inactive for catalysis, although it can bind glucose weakly affinity is increased. Furthermore, the favored equilibrium
with a slow on rate of 557 Mt s! and a weak affinity of toward the active enzyme (E) in,D makes the positive
14.5 mM K-1/k;). Glucose binding induces a domain closure cooperativity by glucose less significant (Hill slope of 1.3
in wide-open form E to closed form E. The interconversion in D,O vs a value of 1.7 in kD). These observations support
between E-glucose and Hjlucose appears to be slow with  the model of a kinetic origin for the positive cooperativity
ak; of 0.45 s and ak_, of 0.28 s, most likely due toa  with glucose in WT GK.
large kinetic energy barrier between the two conformations.  In contrast, HKs do not exhibit positive cooperativity with
The second substrate, ATP, is then able to bind to the E glucose 12). The crystal structures of yeast HK indicate a
glucose complex and transfert® glucose. After the products  conformational change from an open to a closed form
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induced by glucose bindind {, 31—33). However, the open  activator binding occurs only after glucose binds, and the
to closed conformational change in HK involves a degree enzyme conformation has changed tglEcose. Second, the
of protein domain movement smaller than that observed for activator likely shifts the equilibrium between the two
GK. Stopped-flow studies suggest that binding of glucose enzyme forms toward the active form (E) by a combination
to yeast HK and the subsequent enzyme conformationalof increasing forward ratl, and decreasing reverse step,
changes are completed within 1 ms, consistent with an earlierwhich is like the Y214C effect (V. Heredia and S. Sun,
report of a nanosecond time scal@d). Thus, the slow unpublished results). As a result, the active form enzyme
transient kinetics in GK aligns with its dramatic structural (E) is stabilized in the presence of activators, leading to an
change, which is directly linked to the enzyme’s cooperative increased glucose binding affinity. This overall effect would
behavior. be consistent with lowe s and Hill slope values observed
Kinetic Basis of GK Actiation by Allosteric Site Mutation  for glucose when the activator is preseh0,(14).
Y214C Like WT GK, Y214C displays biphasic kinetics, Quantitative analysis of the kinetic data by KINSIM
suggesting that the two-step binding mechanism also appliessimulations shows that the cooperativity of GK can be
to Y214C. The increased glucose affinity for Y214 (= explained by the model proposed in Scheme 1, in which the
0.67 mM for Y214C anKp = 4.5 mM for WT) can be slow conformational change associated with binding of
attributed to altered kinetics in both steps of substrate binding. glucose to GK results in its sigmoidal kinetics. The simula-
In the first step of bimolecular binding, formation of the:E*  tions also demonstrate that the slow binding of 2-deoxyglu-
glucose complex ki) is accelerated by 2-fold, and the cose leads to nearly hyperbolic kinetics with GK. Further-
dissociation K-1) was attenuated by nearly 2-fold in Y214C. more, reduced Hill slope values were observed in simulations
In the following step, the enzyme isomerization is shifted for binding of glucose to WT GK in BD and to Y214C,
toward the active form (E) with l/k— ratio of 12 in Y214C consistent with the experimental results. On the basis of the
versus a ratio of 1.6 in WT GK. As a result, the glucose experimental observations and simulations for the four sets
binding affinity is increased while its cooperativity is of kinetic values, the Hill slope can be modulated by the on
decreased in Y214C. These two parallel effects are similar rate for binding of sugar substrate to Gi,(e.g., 2-deoxy-
to the deuterium solvent isotope effects for WT. Interestingly, glucose), and/or the conformational change between the
small solvent isotope effects were observed in binding of inactive and active forms of the enzyme, k_,, andKejax
glucose to Y214C, suggesting no further stabilization of the (e.g., O and Y214C). Therefore, the cooperativity of GK
active form (E) in BO. With either glucose or 2-deoxyglu- is a kinetic behavior that is mediated by the glucose-induced

cose as the substrate, thg¢k_, ratio was 16-12 and 0.8 conformational change in GK.

1.6 for Y214C and WT, respectively. Therefore, the equi-  Combining these kinetic details with enzyme structural
librium between the two enzyme conformatioks/K-,) is analysis suggests that GK is a highly dynamic enzyme whose
not significantly altered in the presence of different sugar kinetic profiles can be interpreted in relation to its structural
substrates. changes. Allosteric site activating mutation Y214C results

Overall, the Y214C mutation shows both enhanced initial in enhanced initial glucose binding to the apoenzyme and
glucose binding and a conformational change to the active facilitation of the subsequent enzyme conformational change
form of the enzyme. The observed kinetic changes for Y214C to the active form. The underlying mechanism for GK
may result from structural changes in the apoenzyme thatactivation by small molecule activators may share some
favor glucose binding. One hypothesis is that the Y214C features of the activating mutation, such as shifting the
mutation could lead to a more compact overall structure for equilibrium of the enzyme conformation toward the active
the apoenzyme that shows some features of the closed, activgorm. The critical role of glucokinase as a glucose sensor in
form. A better understanding of the structural consequencesglucose homeostasis and the possibility of modulating
of Y214C would be revealed by its crystal structure. enzyme activity through small molecule activators make the

Possible Actiation Mechanism for Small Molecule Acti-  enzyme a highly attractive and feasible drug target for the
vators.Recently, small molecules that bind to the allosteric treatment of type 2 diabetes.
site were discovered and shown to enhance GK activity
mainly by decreasing thi€g s for glucose like the activating ACKNOWLEDGMENT

mutations 10, 14, 15, 28). These GK activators stimulate . . . -
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suggesting that activators only bind to the closed form  Figures from the DSC experiment and single-exponential
enzyme induced by glucose binding. In the absence of fits for binding of glucose and 2-deoxyglucose to WT GK
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