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Abstract 

Human glucokinase (GCK) acts as the body’s primary glucose sensor and plays a critical role in 

glucose homeostatic maintenance. Gain-of-function mutations in gck produce hyperactive 

enzyme variants that cause congenital hyperinsulinism. Prior biochemical and biophysical 

studies suggest that activated disease variants can be segregated into two mechanistically distinct 

classes, termed α-type and β-type. Steady-state viscosity variation studies indicate that the kcat 

values of wild-type GCK and an α-type variant are partially diffusion-limited, whereas the kcat 

value of a β-type variant is viscosity-independent. Transient-state chemical quench-flow analyses 

demonstrate that wild-type GCK and the α-type variant display burst kinetics, whereas the β-

type variant lacks a burst phase. Comparative hydrogen-deuterium exchange mass spectrometry 

of unliganded enzymes demonstrates that a disordered active-site loop, which folds upon glucose 

binding, is protected from exchange in the α-type variant. The α-type variant also displays 

increased exchange within a β-strand located near the enzyme’s hinge region, which becomes 

more solvent-exposed upon glucose binding. In contrast, β-type activation causes no substantial 

difference in global or local exchange relative to unliganded, wild-type GCK. Together these 

results demonstrate that α-type activation results from a shift in the conformational ensemble of 

unliganded GCK toward a state resembling the glucose-bound conformation, whereas β-type 

activation is attributable to an accelerated rate of product release. This work elucidates the 

molecular basis of naturally occurring, activated GCK disease variants and provides insight into 

the structural and dynamic origins of GCK’s unique kinetic cooperativity. 
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Introduction 

Glucokinase (GCK) is one of four human hexokinase isozymes that catalyze the ATP-dependent 

phosphorylation of glucose. GCK is expressed in pancreatic β-cells, where it governs glucose-

stimulated insulin secretion, and in hepatoparenchymal cells, where it participates in glycogen 

synthesis.1,2 GCK exhibits unique kinetic attributes that are responsible for its role in glucose 

homeostasis.3 The enzyme displays a midpoint glucose responsiveness value (K0.5 = 8 mM) that 

correlates with physiological glucose concentrations in the blood stream.4,5 GCK also displays 

mild cooperativity toward glucose, which is characterized by a Hill coefficient of 1.7, resulting 

in a sigmoidal kinetic response to glucose. Inactivating or loss-of-function genetic lesions in the 

gck gene result in maturity onset diabetes of the young (MODY) and permanent neonatal 

diabetes mellitus (PNDM).6–8 In contrast, mutations producing hyperactive GCK variants lead to 

persistent hyperinsulinemic hypoglycemia of infancy (PHHI, also known as congenital 

hyperinsulinism), the severity of which scales with the level of GCK activation.6  

 Cooperativity in GCK is of particular interest because GCK functions as a monomer and 

contains only one binding site for glucose. Thus, the origin of the allosteric features of this 

enzyme is distinct from that of typical cooperative enzymes.5,9,10 Previous nuclear magnetic 

resonance (NMR) studies in our lab demonstrated that GCK’s kinetic cooperativity is governed 

by slow, millisecond timescale structural transitions within the enzyme’s small domain.11,12 

These conformational transitions occur with a rate constant, kex, comparable to the enzyme’s 

catalytic rate constant, kcat, and the temporal equivalence between these two processes is required 

for the generation of a sigmoidal steady-state response.13–15 Based on the totality of biochemical 

and biophysical data collected to date, the loss of cooperativity that accompanies PHHI-

associated activation is expected to occur when the values of either kex or kcat are altered such that 

they are no longer of comparable magnitude. Understanding the detailed mechanistic origins of 
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activated GCK variants promises to provide insight into the structural, functional, and dynamic 

basis of the enzyme’s unique form of monomeric allostery.16,17  

 Using a combination of genetic selection, limited proteolysis, and NMR studies, we 

recently reported two functionally distinct mechanisms of GCK activation that are operational in 

both clinically discovered and genetically engineered enzyme variants.13 In the first activation 

scheme, coined α-type activation, proteolytic susceptibility of a mobile active site loop is 

diminished, the enzyme’s affinity for glucose is increased, and the 2D 1H-13C heteronuclear 

multiple quantum coherence (HMQC) 13C-Ile NMR spectrum of the unliganded enzyme appears 

qualitatively similar to that of the glucose-bound, wild-type enzyme. The α-type activation 

mechanism appears to be the mode of action for small molecule allosteric activators that have 

been explored as potential therapeutic agents for MODY.18 In β-type activation, however, the 

proteolytic susceptibility of the active site loop is enhanced, suggestive of alterations in the 

structure and/or dynamics of the loop, while the glucose affinity and the 13C-Ile NMR spectrum 

appear unchanged from the wild-type enzyme.13 These observations are suggestive of a model in 

which α-type activation perturbs the thermodynamic distribution of enzyme conformations in 

favor of a state preorganized for glucose binding, whereas β-type activation operates by a 

different, less structurally perturbative mechanism. The goal of the present study is to test this 

postulated model for α-type and β-type activation and to provide a more detailed description of 

the structural and functional alterations present in each variant. 

 Prior NMR experiments were limited in describing the structural differences between 

wild-type GCK and each activated variant, since they relied on only 17 sparsely distributed 

isotopic labels located on isoleucine side chain.13 To provide a more complete picture of the 

structural consequences of enzyme activation, here we report the results of comparative 
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hydrogen-deuterium exchange mass spectrometry (HDX-MS) of wild-type GCK and 

representative activated variants. Unlike our previous NMR experiments11-13, these experiments 

probe alterations to the polypeptide backbone, providing coverage across more than 90% of the 

primary sequence. We combine these structural investigations with viscosity variation studies 

and chemical quench-flow kinetic analyses to investigate mechanistic differences associated with 

steps that contribute to the kcat value for each enzyme. Together, our results provide a detailed 

description of the molecular origins and functional alterations that occur in activated, disease-

associated variants. 

 
Materials and Methods 

Protein expression and purification 

 Human pancreatic glucokinase was expressed as an N-terminal hexa-histidine tagged 

polypeptide from pET-22b(+) in BL21(DE3) E. coli cells. Cultures were inoculated to an initial 

OD600 nm of 0.01 in Luria-Bertani (LB) broth supplemented with ampicillin (100 µg/mL). Cells 

were grown at 37 °C and 250 rpm until the OD600 nm reached 0.7, at which point the temperature 

was reduced to 20 °C. Once the incubator reached 20 °C, IPTG (1 mM) was added to induce 

gene expression and growth was continued for 20 h.  The α-13 helix variant19 was produced in 

an identical manner. For the β-hairpin variant13, an LB-agar plate was streaked from a frozen 

stock of BL21(DE3) cells harboring the expression vector. An isolated colony from the plate was 

used to inoculate LB broth supplemented with ampicillin (100 µg/mL) and cells were grown at 

37 °C and 250 rpm. Once the OD600 reached 0.7, sufficient culture was harvested by 

centrifugation at 8,000 x g for 10 min to inoculate complete M9 minimal medium to an initial 

OD600 nm of 0.15. Complete M9 medium contained M9 salts [(Na2HPO4 (30 g/L), KH2PO4 (15 

g/L), NaCl (2.5 g/ L), pH 8.0], ampicillin (100 µg/mL), NH4Cl (1 g/L), thiamine (25 µg/mL), 
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FeSO4 (10 µM), MgSO4 (1 mM), Metal Mix [FeCl3 (16.2 mg/L), ZnCl2 (1.44 mg/L), CoCl2 (1.2 

mg/ L), Na2MoO4 (1.2 mg/L), CaCl2 (0.6 g/L), CuSO4 (190 mg/ L), H2CO3 (5 mg/L), and 0.37 

mL of HCl], and 1.3% v/v glycerol as the sole carbon source. Once the OD600 reached 0.7, the 

temperature was reduced to 20 °C, IPTG (1 mM) was added to induce gene expression, and 

growth was continued for 36 hours.  

 Cells were harvested via centrifugation at 8,000 x g and 4 °C for 10 min. The resulting 

cell pellets were resuspended in cold buffer A (5 mL/g of pellet) containing potassium phosphate 

(50 mM, pH 7.6), KCl (50 mM), dithiothreitol (10 mM), imidazole (25 mM), and glycerol (25% 

v/v), and cells were lysed via French press. Crude cell lysates were centrifuged at 25,000 x g and 

4 °C for 30 min and the cleared cell lysates were loaded onto a 5 mL HisTrap FF affinity column 

equilibrated in cold buffer A. The column was washed with 10 column volumes of cold buffer A 

and GCK was eluted with cold buffer B (buffer A supplemented with 250 mM imidazole). GCK 

was dialyzed at 4 °C against 1 L of size exclusion chromatography (SEC) buffer containing 

potassium phosphate (50 mM, pH 7.6), KCl (50 mM), and dithiothreitol (10 mM). Following 

dialysis, GCK was concentrated to ~300 µM by use of an Amicon Ultra-15 Centrifugal Filter 

Unit (EMD Millipore) and injected onto a Superdex 200 column (GE Healthcare) pre-

equilibrated in SEC buffer. The gel filtration column was run at a flow rate of 0.2 mL/min, and 

fractions containing the highest A280 nm values were pooled and retained for analysis. Protein 

concentrations were determined spectrophotometrically based on calculated molecular weights 

and an extinction coefficient (ε) of 32,890 M-1 cm -1. Chemicals were purchased from Fisher 

Scientific and Sigma-Aldrich. 

 
Viscogen variation studies 

http://www.emdmillipore.com/US/en/product/Amicon-Ultra-15-Centrifugal-Filter-Unit-with-Ultracel-10-membrane,MM_NF-UFC901024
http://www.emdmillipore.com/US/en/product/Amicon-Ultra-15-Centrifugal-Filter-Unit-with-Ultracel-10-membrane,MM_NF-UFC901024
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 GCK activity was assayed spectrophotometrically at 340 nm by coupling the production 

of glucose 6-phosphate to the reduction of NADP+ via glucose 6-phosphate dehydrogenase 

(G6PDH) at 25 °C by use of a Cary 100 UV-Vis spectrophotometer. Reaction mixtures 

contained HEPES (0.25 M, pH 7.6), NADP+ (0.5 mM), KCl (50 mM), DTT (10 mM), ATP (10 

mM), glucose (0.2 M), MgCl2 (12 mM), and G6PDH (7.5 units). Assays were run in triplicate 

and initiated by addition of ATP. The slope of the linear portion of the progress curves yielded 

steady-state velocities. The dependence of kcat upon solution microviscosity was assessed with 

the above conditions with the inclusion of varied concentrations of sucrose or trehalose (0-30% 

w/v). Relative viscosities of sucrose and trehalose solutions were measured in triplicate by use of 

a Cannon-Fenske viscometer maintained at 25 °C in a circulating water bath according to the 

manufacturer’s instructions. Relative maximal velocities were plotted against the corresponding 

relative viscosities and slopes for each plot were calculated by the linear least-squares method. 

Assays conducted at pH 5.5 required 15 units of G6PDH, an amount empirically determined by 

conducting assays with increasing amounts of G6PDH until the coupling enzyme was not 

limiting the reaction velocity. 

 
Chemical quench-flow kinetic assays 

 Pre-steady-state experiments were carried out in triplicate with a calibrated KinTek RQF-

3 Rapid Quench-Flow Instrument maintained at 25 °C by a circulating water bath. One sample 

syringe was loaded with a solution containing GCK (55-410 µM), HEPES (50 mM, pH 7.6), KCl 

(50 mM), DTT (10 mM), glucose (0.2 M), while the other sample syringe was loaded with a 

solution containing HEPES (50 mM, pH 7.6), KCl (50 mM), DTT (10 mM), ATP (50 mM), 

MgCl2 (60 mM), and glucose (0.2 M). Reactions were initiated by the rapid mixing of aliquots 

(~18 μL) of reactants from both syringes, and reactions were quenched at time intervals ranging 
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from 10-500 ms based on a final concentration of 1M EDTA (pH 8.3). The individual reaction 

mixtures were collected in pre-weighed 1.5 mL microtubes and immediately frozen in a dry ice-

ethanol slurry. The reaction mixtures were then thawed, mixed with an additional 50 µL of 

EDTA (1 M, pH 8.3), supplemented with 5 µL NADP+ (100 mM), and diluted to 495 µL with 

HEPES (50 mM, pH 7.6), KCl (50 mM), DTT (10 mM). By use of a Cary 100 UV-Vis 

spectrophotometer, the net change in absorbance upon the addition of 5 µL (2.5 units) of G6PDH 

was measured to determine the amount of G6P produced by GCK at each time interval.  

 
Hydrogen-deuterium exchange mass spectrometry 

 Hydrogen/deuterium exchange (HDX) was performed as previously described by use of 

an automated HTC Pal auto-sampler (Eksigent Technologies, Dublin, CA).20 To initiate each 

hydrogen-deuterium exchange period, 5 µL of purified GCK was mixed with 45 µL of 

corresponding D2O buffer (50 mM KPO4, 50 mM KCl, 10 mM DTT, pH 7.6).  For the blank 

control, the dilution was performed in H2O buffer. Triplicate reactions were conducted at 1-2 °C, 

to reduce back-exchange, for reaction periods of 0.5, 1, 4, 15, 30, 60, and 480 min. Each sample 

was quenched by rapid mixing with 25 µL of 200 mM tris(2-carboxyethyl)phosphine, and 8 M 

urea in 1.0% formic acid, followed by proteolysis for 3 min by addition of 25 µL of a 40% 

saturated protease type XIII solution in 1.0% formic acid (final pH meter reading ~2.3). After 

proteolysis, the resulting peptides were separated and desalted on a Pro-Zap MS C18 column (1.5 

μm, 2.1 x 10 mm; Dr. Maisch Gmbh, Ammerbuch, Germany) by use of a Jasco HPLC. A rapid 

gradient from 2% to 95% B over 2 min (A, acetonitrile/H2O/formic acid, 5/94.5/0.5; B, 

acetonitrile/H2O/formic acid, 95/4.5/0.5) was performed to elute peptides at a flow rate of 0.3 

mL/min. The eluted peptides were directed into a positive electrospray ionization 21 tesla 

Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) for measurement. 
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Mass spectra were collected from m/z 400 ~ 1300 at a high resolving power (m/∆m50% = 300,000 

at m/z 400). Identities of peptides were determined by accurate mass alone without any 

fragmentation techniques. Data were analyzed with a previously described custom software 

package.21,22 The average relative deuterium uptake difference (ARDD) between each pair of 

GCK samples was calculated from the following equation: 

ARDD =∑ 𝐴𝐴 (𝑡𝑡𝑖𝑖)−𝐵𝐵(𝑡𝑡𝑖𝑖)
𝐴𝐴(𝑡𝑡𝑖𝑖)𝑖𝑖     (1) 

in which A is the deuterium uptake for sample (activated GCK variant) after a stated reaction 

period (ti) and B (wild-type GCK) is deuterium uptake for sample B after the same reaction 

period (ti).23 

Results and Discussion 

 To investigate the extent to which the kcat value of wild-type GCK reports on a diffusion-

limited process, such as product release, we performed enzyme assays under saturating substrate 

concentrations in the presence of the microviscogen sucrose.24 A plot of the relative kcat value 

(kcat°/kcat) as a function of relative solution viscosity (ηrel), revealed a slope of 0.31, suggesting 

that the kcat value is partially diffusion-limited (Figure 1A). To ensure that the observed viscosity 

dependence was independent of viscogen identity, we performed identical experiments in the 

presence of increasing concentrations of trehalose. With trehalose as a microviscogen, the slope 

was 0.37, in agreement with experiments involving sucrose (Figure 1A). We also performed 

viscosity variation studies at pH 5.5, at which the chemical transformation step is expected to be 

rate-limiting. Under these conditions, the solution microviscosity did not influence the enzyme’s 

kcat value, demonstrating that that the experiments were indeed reporting on diffusion limited 

processes (Figure 1A). Collectively, these data support the conclusion that the kcat value of wild- 
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Figure 1. Relative kcat values of (A) Wild-type GCK, (B) α-13 Helix GCK, and (C) β-hairpin 
GCK as a function of relative solution microviscosity. Error bars are ± standard deviation (n = 
3). 
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type human GCK is partially limited by the rate of product release. Our results do not exclude 

the possibility that a conformational change after product release contributes to the rate-limiting 

step, although such reorganization(s) are not expected to display a linear dependence upon 

relative viscosity.25 

 We also conducted viscosity variation studies for previously described α-13 helix and β-

hairpin variants of GCK, which serve as prototypic representatives of the α-type and β-type 

activation mechanisms.13,19 A plot of the relative kcat value as a function of relative solution 

viscosity for the α-variant revealed a slope of 0.48, demonstrating that the kcat value is partially 

limited by the rate of product release for this activated enzyme (Figure 1B). Conversely, 

viscosity variation studies with the β-type variant revealed a slope of -0.03 (Figure 1C), 

indicating that product release no longer contributes to the kcat value for this enzyme. The 

substitutions present within the β-hairpin variant are localized to a mobile active site loop that 

undergoes a disorder-order transition upon glucose binding.13 Based on our viscosity variation 

studies, we postulate that the activating substitutions in β-type GCK alter the structure and/or 

dynamics of the loop such that product release is accelerated. Analysis of available GCK crystal 

structures reveals that a hydrogen-bonding network at the base of the loop is disrupted by the 

substitutions present in the β-hairpin variant, which could facilitate rapid product release (Figure 

S1). In contrast, our viscosity variation studies indicate that α-type activation is not accompanied 

by an accelerated rate of product release. 

 Chemical quench-flow analysis is a well-established method to test for the existence of a 

pre-steady-state burst in product formation and to quantify individual microscopic rate constants 

that contribute to the value of kcat.26–28 Our viscosity variation results suggest that wild-type 

GCK, as well as the activated α-variant, might display burst phase kinetics attributable to the 
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existence of one or more steps preceding partially rate-limiting product release. To investigate 

this possibility, and to uncover quantitative information about microscopic steps that remain 

cloaked in steady-state kinetic analyses, we performed chemical quench-flow experiments on 

wild-type GCK and both α- and β-type activated variants.29-31 Reproducible chemical quench-

flow data were obtained for all three enzymes across a time window spanning 20-500 msec. 

Visual inspection of the quench-flow data for wild-type GCK and the α-13 helix variant was 

suggestive of a biphasic profile, whereas the β-hairpin data appeared monophasic (Figure 2). 

 In an attempt to quantify individual rate constants for each phase, we globally fitted our 

data to a three-step, bisubstrate reaction model by use of KinTek Explorer software (Figure 

S2).32,33 During fitting, the ratio of rate constants for ATP binding and release (koff/kon) was 

constrained at 0.5 mM to reflect the experimentally determined ATP Km value. We also 

constrained the chemical (k2) and product release (k3) steps to be irreversible. Based on this 

model, global fit analyses yielded rate constants for the product release step that closely matched 

the kcat values determined from steady-state assays for wild-type GCK and for both activated 

variants (Table S1). However, poor estimates were obtained for the chemical step. The expected 

upper limit for the half-life for the burst phase is ~25 msec, as calculated based upon the 

recognition that it should be faster than the steady-state kcat value. This value approaches the 

lower limit accessible by the quench flow instrument used in this study, as quench flow data 

collected below 20 milliseconds was associated with large quantification errors. We attribute the 

inability to obtain reasonable estimates for the rate constant of the chemical step to a lack of 

sufficient quench-flow kinetic data at short time intervals.  

 Despite the inability to quantify the burst phase via global fit analysis, several lines of 

evidence support the existence of one or more steps preceding product release for wild-type  
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Figure 2. Linear regression analysis of representative quench-flow data for (A) 120 µM wild-
type GCK, (B) 88 µM α-13 helix GCK, and (C) 55 µM β-hairpin GCK.  Solid data points 
represent the steady-state phase and open data points represent a fast linear phase spanning the 
first 100 msec. Dashed lines represent extrapolation of the steady-state phase to a nonzero y-
intercept. Error bars are ± standard deviation (n = 3). 
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GCK and the α-variant. Linear extrapolation of the quench-flow data from the steady-state 

regime, considered here to be represented by data at 100 milliseconds and above, yielded non-

zero y-intercept values for both enzymes (Figure 2A, B). Using 120 µM wild-type GCK, we 

observed a y-intercept of 4.2 nmol (233 µM) of glucose 6-phosphate (G6P), and for experiments 

involving the α-13 helix variant at a concentration of 88 µM, the y-intercept was 3.8 nmol (211 

µM) of G6P. The observation that the y-intercepts do not traverse the origin is consistent with 

the existence of one or more steps preceding the partially rate-limiting product release for both 

enzymes. In contrast, the y-intercept of the steady-state rate displayed by 55 µM β-hairpin GCK 

was significantly closer to the origin. Constraining the y-intercept of the β-activated variant to 

zero provides a good linear fit (R2 = 0.99), suggesting that a pre-steady-state burst phase is 

unnecessary to explain the quench-flow data for this enzyme.  

 When a pre-steady-state burst is present, the amplitude of the burst phase should correlate 

with the concentration of the enzyme used in the experiment. Indeed, we observed a correlation 

between enzyme concentration and the y-intercept obtained from linear extrapolation of quench 

flow data from the steady-state regime when we performed quench flow experiments at variable 

concentrations of wild-type GCK. As enzyme concentration was increased, the value of the y-

intercept obtained from linear extrapolation of quench flow data from the steady-state regime 

also increased.  In cases for which the rate constants of the burst and steady-state phases do not 

differ significantly, the amplitude of the burst does not provide an accurate measure of the 

enzyme concentration.30,34,35 The partial viscosity dependence observed for wild-type GCK and 

the α-variant suggested that this condition is likely true for both enzymes. This situation offers 

an explanation for the apparent discrepancy between the extrapolated y-intercept values and the 

enzyme concentrations shown in Figures 2A and 2B. Taken together, the quench-flow results 
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support a model in which the kcat values of wild-type GCK and the α-type variant include 

contributions from one or more steps preceding the partially rate-limiting product release step. In 

contrast, the kcat value for β-type variant reports on a different physicochemical process, which is 

not associated with product release.  

 Solution-phase amide hydrogen-deuterium exchange mass spectrometry (HDX-MS) 

provides a sensitive valuable complement to X-ray crystallography and NMR to probe protein 

structure and dynamics. HDX-MS is particularly useful for comparing differences in solvent-

accessible surface areas within a series of related protein variants.36–39 To gauge the applicability 

of HDX-MS in probing structural differences between wild-type and activated GCK variants, we 

first explored the enzyme’s proteolytic susceptibility under acidic conditions. Without any 

exposure to D2O, wild-type and activated GCK variants were denatured, digested by protease 

XIII, and subjected to LC-MS analysis. We found that treatment with protease XIII yielded 106 

common peptides that spanned 93% of the primary sequence of GCK (Figure S3) with many 

overlapping segments to provide peptide-level sequence resolution. Here, high sequence 

coverage and a high number of overlapping peptides ensured a reliable conformational 

comparison. Using this protease and a previously developed automated HDX-MS method20, we 

measured the average relative deuterium uptake differences (ARDD) between each activated 

variant and wild-type GCK. We found that segments 53-73, 159-186, and 275-302 of the α-13 

helix variant display apparent alterations in deuterium exchange relative to wild-type GCK 

(Figure 3). Conversely, HDX-MS experiments failed to reveal significant (greater than 10%) 

ARDD differences between β-hairpin GCK and wild-type GCK in any region of the protein 

(Figure S4). These results indicate that α-type activation, but not β-type activation, is associated 

with changes in the structure and/or dynamics of specific regions of the unliganded enzyme. 
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 To gain mechanistic insight into the differences in H/D exchange observed in the α-

activated variant, we mapped ARDD values for each region onto the homolog crystal structures 

of both unliganded and glucose bound GCK. As shown in Figure 4, regions that exhibited 

reduced deuterium uptake in the α-variant include a mobile active site loop comprised of 

residues 159-180 and a peptide segment spanning residues 275-302. The observation of 

significantly decreased deuteration level in segment 159-180 is attributed to a disorder/order 

transition upon glucose binding, in accord with previous NMR data.13 Segment 275-302 

comprises part of the glucose-binding pocket; therefore, its decrease in deuteration level likely 

results from the formation of a more closed conformation, which limits the proton exchange with 

surrounding deuterium solvent (Figure 4, top). Conversely, we observed that a segment of the α-

variant spanning residues 64-73 exhibited elevated levels of deuterium incorporation compared 

to its wild-type counterpart (labeled in red in Figure 3). This region is located within a loop/β-

strand motif that connects the large and small domains.40 Notably, previous studies have 

identified several activating substitutions within this region, including S64P, a variant that 

displays NMR features characteristic of the α-type activation mechanism.11,17 HDX-MS revealed 

increased deuterium uptake in this region, in agreement with a comparison of the unliganded and 

glucose bound crystal structures, demonstrating that this region is more solvent-exposed in the 

glucose-bound state (Figure 4, bottom). HDX characterized data for activated GCK variants, in 

combination with prior NMR results,11,13 provide compelling evidence that the unliganded α-

activated GCK variant resembles the glucose bound conformation in several regions. 

 
Conclusion 

 The present findings confirm the existence of two distinct mechanisms of activation for 

human GCK and establish the molecular basis for each activation process. Our combined  
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Figure 3. H/D exchange results for α-13 helix versus wild-type GCK, color-coded by deuteration 
level (%) onto the primary sequence of GCK. The relative deuterium uptake difference (ARDD, 
α-13 helix minus wild-type) is calculated from Equation 1. (Top) Primary sequence of GCK 
highlighting regions of differential deuterium uptake. Regions in which α-13 helix GCK 
exhibited increased deuterium exchange are shown in warm colors while regions in which α-13 
helix GCK exhibited decreased deuterium exchange are shown in cool colors. The active site 
mobile loop is shown in the dashed red box. (Bottom) Deuterium uptake time-course results for 
wild-type and α-13 helix GCK for representative peptides 159-186, 53-61, 62-73, and 275-302. 
Deuterium uptake and maximum-entropy fits (smooth curves) vs log10 of H/D exchange reaction 
period. Blue: wild-type, Red: α-13 helix. 
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Figure 4: The average relative deuterium uptake differences (ARDD) for α-13 helix minus wild-
type GCK mapped onto the crystal structures of wild-type GCK. (Top) Tertiary structure of 
glucose bound (left) and unliganded (right) GCK. (Bottom) ARDD mapped onto surface models 
of glucose bound (left) and unliganded (right) GCK. Regions in which α-13 helix GCK exhibited 
increased deuterium exchange are shown in warm colors while regions in which α-13 helix GCK 
exhibited decreased deuterium exchange are shown in cool colors. Protein Data Bank accession 
numbers for glucose bound and unliganded GCK are 1V4S and 1V4T.41 
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viscosity variation and chemical quench flow data indicate that β-type activation occurs via an 

acceleration of the product release step, such that it no longer partially limits the value of kcat. 

HDX-MS analysis suggests that β-type activation is not accompanied by significant differences 

in enzyme backbone structure and/or dynamics. In contrast, α-type activation results from a shift 

in the conformational ensemble of unliganded GCK in favor of a state that resembles the glucose 

bound wild-type enzyme. This structural alteration does not appear to impact the partially rate-

limiting process of product release or the presence of a burst phase, which is characteristic to 

both wild-type and α-type variants. Our HDX-MS results provide an improved level of 

understanding regarding the structural and dynamic origins of both activation mechanisms, as 

they substantially expand the data available from prior NMR investigations to include more than 

90% of the polypeptide backbone for each enzyme. 

 Both types of activated variants investigated herein reduce the kinetic cooperativity of 

wild-type human GCK.11-13 The observation that the Hill coefficient is reduced under these two 

mechanistically distinct activation schemes demonstrates the importance of both protein structure 

and dynamics for cooperativity. In particular, our results demonstrate that GCK can be activated 

by altering the enzyme’s conformational ensemble or by mutations that perturb the kinetics of 

the partially rate-limiting product release step. Since both types of activated GCK variants can 

cause disease, our ability to uncover the underlying molecular origins of activation could 

facilitate the development of targeted therapeutic approaches to treat hyperinsulinemia unique to 

each type of activation mechanism.  
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