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Abstract
The yeast hexokinase 2 (Hxk2), the enzyme that phosphorylates glucose, has recently 
been suggested to undergo structural changes in presence of the flux-signaling metabo-
lite fructose-1,6-bisphosphate (FBP), indicating an interaction and possibly regulation 
of the enzyme by FBP. We biochemically tested this putative interaction, and found that 
FBP does not influence the stability nor the activity of Hxk2, and we found no indication 
of a direct interaction with the enzyme. To explain the conformational changes previ-
ously observed, we investigated the possibility of secondary effectors, such as metal 
ions. Indeed, we found that zinc negatively alters the stability and activity of Hxk2, and 
that FBP restores this effects by acting as a chelator. FBP is a key metabolite of the 
glycolytic pathway and its concentration is modulated in response to metabolic flux. 
Therefore, it could be envisioned, that FBP could exert an indirect regulatory function 
by chelating metal ions, which would globally modulate the activity of enzymes in a 
glycolytic flux-dependent manner. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Author contributions: BBF and MH conceived and designed the study and wrote the 
manuscript. BBF and SV performed the experiments protein purification and thermo 
shift assays. BBF performed the kinetics experiments using HPLC. SV performed the 
kinetics experiments with metal ions in the plate reader. PvdM performed the NMR 
experiments. BBF analyzed the data. 



Fructose-1,6-bisphosphate m
ight regulate hexokinase activity indirectly via chelating m

etal ions

35

Introduction
Hexokinase catalyzes the first step in glycolysis, transferring a phosphoryl group from 
ATP to hexose sugars. Besides its catalytic function, the yeast hexokinase 2 (Hxk2) 
has also been shown to have a regulatory role in m ediating glucose repression1,2. It 
was suggested that both the catalytic and the regulatory function of Hxk2 together 
would form a “sensing machinery” that senses the rate of sugar consumption, via the 
phosphorylation rate of sugars, and accordingly exerts flux-dependent gene expression 
regulation3. However, despite extensive research on Hxk2, the connection between its 
catalytic and regulatory activity still remains elusive. 

It has been suggested that yeast Hxk2 is substrate- and product-inhibited by ATP, ADP and 
glucose-6-phosphate, respectively4,5, as well as by other metabolites, such as AMP, glucose-
1,6-bisphosphate, guanosine diphosphate, trehalose-6-phosphate and acetyl-CoA4,5. 
Furthermore, the catalytic activity of Hxk2 is also influenced by its oligomeric state. Hxk2 
monomers, which form upon phosphorylation of Serine-14, have been shown to have 
higher catalytic activity6. Overall, however, it is still unknown how the putative effectors 
influence Hxk2 activity, particularly because the current literature describes also potential 
artifacts. For instance, the inhibitory effect of ATP on Hxk2 activity has been shown to be 
solely caused by the presence of aluminum in commercially available ATP salts7,8. 

Recently, a novel mass spectrometry-based method for high-throughput identification of 
allosteric interactions between metabolites and proteins revealed that Hxk2 undergoes 
structural changes in presence of the glycolytic intermediate fructose-1,6-bisphosphate 
(FBP)9. Notably, in yeast and E. coli, the levels of FBP linearly correlate with the flux 
through glycolysis10,11, and thus FBP has been suggested to be a flux-signaling metabo-
lite12. If the flux-signaling metabolite FBP, whose intracellular concentration varies in 
yeast between 0.05 mM and 18 mM (13,14 and own unpublished data), indeed interacts 
with Hxk2, this interaction could provide a link between glycolytic flux and the regula-
tory function of Hxk2. However, in the respective mass spectrometry-based study, no 
biochemical evidence for a direct interaction between Hxk2 and FBP has been provided.

Here, we biochemically investigated this putative interaction between FBP and Hxk2. 
Specifically, we analyzed the stability and the enzyme kinetics of Hxk2 at different FBP 
concentrations and found that FBP neither influences the stability nor the activity of 
Hxk2 under any of the conditions tested. Using microscale thermophoresis (MST) and 
saturation transfer difference NMR (1H-STD-NMR), we also found no indication for 
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binding of FBP to Hxk2. However, when analyzing the stability of Hxk2 in presence of 
different divalent and tetravalent metal ions, we found that zinc decreased the stability 
and activity of the enzyme, which could be partially restored by the presence of FBP 
in a similar way as the chelator EDTA. Taken together, we conclude that FBP does not 
directly interact with Hxk2, but that it rather might act as a chelator for metal ions, 
which otherwise would bind to and inhibit Hxk2 activity. It could be envisioned that the 
flux-signaling metabolite FBP could exert an indirect regulatory function by chelating 
metal ions, and therefore, globally influencing enzyme activities. 

Methods

Chemicals and buffers
D-Fructose-1,6-bisphosphate trisodium salt (FBP) 99% pure (MF03222) was purchased 
from Carbosynth, UK. Adenosine 5′-triphosphate disodium salt hydrate (ATP) 98.5% 
pure (A3377), and adenosine 5′-diphosphate monopotassium salt dehydrate (ADP) 95% 
pure (A5285) were purchased from Sigma, USA.

The composition of all the buffers used in the study are described on Table 1.

Protein production and purification
Hxk2 from S. cerevisiae was cloned with a C-terminal His10-tag in the E. coli expression 
vector pBAD using E. coli MC1061 strain according to an earlier described methodol-
ogy15. The primers used for amplification and cloning of Hxk2 are described in Table 2. 
Correctness of DNA sequence was verified by sequencing. 

Table 1. Composition of all buffers used in this study

Buffer Composition

Buffer A Tris-HCl (50 mM) pH 7.2. 

Buffer B Tris-HCl (50 mM) pH 7.2, NaCl (150 mM)

Lysis buffer Tris-HCl (50 mM) pH 7.2, NaCl (150 mM), EDTA (1 mM), PMSF (1 mM), 
MgCl2 (15 mM) and DNAse (10 μg mL-1)

Cytosolic buffer16 KH2PO4 (6 mM), K2HPO4 (14 mM) pH 7.2, KCl (140 mM), glucose (5.5% w/v), 
MgCl2 (5 mM), NaCl (10 mM). 
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For protein production, one of the colonies containing the recombinant Hxk2 was 
inoculated in 50 mL LB media containing 100 µg mL-1 ampicillin and grown at 37°C 
overnight. The overnight culture was diluted to an optical density (OD600) of 0.05 in 
a final volume of 1 liter. Protein expression was induced at OD600 0.5 by addition of 
L-arabinose (0.001% v/v) and subsequently cells were grown aerobically at 30°C for 
four more hours. Cells were harvested by centrifugation at 6600 g (Beckman JLA-10.500 
rotor) at 4°C for 20 minutes, resuspended in buffer A, harvested again by centrifugation, 
and the pellet was frozen in liquid nitrogen and stored at -80°C. 

The cells were resuspended in lysis buffer (Table 1) and lysed by high-pressure disrup-
tion (Constant Cell Disruption System, Ltd, UK) in one passage at 25 Kpsi at 4°C. The cell 
debris was separated from the cell lysate by centrifugation at 30000 g (Beckman JA-17 
rotor). The supernatant was incubated with nickel-sepharose resin (column volume = 
0.5 mL) (which was pre-equilibrated with buffer A) with gentle rocking at 4°C for 1 hour. 
Subsequently, the suspension was poured onto a 10 mL disposable column (Bio-rad), 
and the column material was washed with 20 column volumes of buffer B containing 
imidazole (50 mM), followed by 20 column volumes of buffer B containing L-histidine 
(50 mM). Bound proteins were eluted using buffer B supplemented with 235 mM 
L-histidine. The fractions containing the target protein were loaded on a Superdex 200 
10/300 gel filtration column (GE Healthcare), using buffer B as column buffer. After gel 
filtration the fractions containing Hxk2 were stored at 4°C until use. 

Table 2. Primers used for amplification and cloning of Hxk2.

Primers Sequence

Hxk2_F1 ATGGGTGGTGGATTTGCTGTTCATTTAGGTCCAAAAAAACCAC

Hxk2_R1 TTGGAAGTATAAATTTTCAGCACCGATGATACCAACG

Hxk2_F2 ATGGGTGGTGGATTTGCTATGGGTGGTGGATTTGCTGTTCATTTAGGTCCAAAAAAACCAC

Hxk2_R2 TTGGAAGTATAAATTTTCTTGGAAGTATAAATTTTCAGCACCGATGATACCAACG

Protein stability analysis 
For thermal shift assay experiments, samples of 25 mL final volume were prepared 
containing 5 mL of 5x SYPRO Orange (Molecular Probes), 5 mL of 5x cytosolic buffer, 1 
mL of 1 mg mL-1 of enzyme in buffer B, and the metabolites, which were dissolved in 
cytosolic buffer in different final concentrations: ATP (0, 2, 5, 7 mM), ADP (0, 2, 5, 7 mM) 
or FBP (0, 1, 10, 20 mM). A second set of experiments was performed, where different 
concentrations of ATP or ADP were mixed with FBP (10 mM).



••
 C

ha
pt

er
 2

38

For thermal shift assay experiments with Hxk2 and metal ions, the protein was mixed 
with the following metal ions, in the following final concentrations: FeSO4, CaCl2, MnCl2 
and ZnCl2, at 0.5, 5 or 50 mM, and AlCl3 at 0.5, 1 or 2 mM. These samples were prepared 
as described above, however this screening was done in buffer B. A second set of experi-
ments was performed, where the chelators FBP (10 mM) or EDTA (1 mM) were added. 

The samples were added to the wells of a 96 thin-well PCR plate (Bio-Rad). The plates 
were sealed with Optical-Quality Sealing Tape (Bio-Rad) and heated in CFX96 Real-Time 
System combined with C1000 Touch Thermal Cycler (Bio-Rad) from 20°C to 95°C in 
increments of 0.5°C. Fluorescence intensity in the wells of the plate were monitored 
with a charge-coupled device camera. The wavelengths for excitation and emission 
were 490 and 575 nm, respectively. The software generated fluorescence plots and 
derivative plots (fluorescence changes against temperature). The first derivative of 
measured fluorescence versus temperature was used, as it gives the apparent melting 
temperature at the local maximum. 

Binding analyses with microscale thermophoresis (MST)
Purified Hxk2 was labeled with the red fluorescent dye Alexa Fluor-647 using the protein 
labeling NHS RED Kit (NanoTemper Technologies, Munich, Germany) as described by 
the manufacturer. The final concentration of labeled protein in buffer B (0.48 mg ml-1) 
and the concentration of dye (8 mM) were determined using NanoDrop.

Prior to MST measurements, the labeled protein was diluted 1:200 (2.4 mg ml-1 ) in cyto-
solic buffer containing Tween 20 (0.05% w/v) to avoid protein aggregation and protein 
adsorption to the capillaries. To perform the MST measurements, the samples were 
prepared by mixing a volume of 5 mL of the diluted and labeled protein with 5 mL of a 
series of 15 dilutions of FBP prepared in cytosolic buffer, pH adjusted to 7.2, starting at 
50 mM (two-fold serial dilution). These samples were loaded in standard capillaries for 
MST measurements (NanoTemper Technologies). The measurements were performed 
in the Monolith NT.115 at 25°C, using 60% LED power and 40% IR-laser power. 

Control experiments, with a series of 15 dilutions of NaH2PO4 solution, were performed 
in cytosolic buffer, pH adjusted to 7.2, starting at 150 mM (two-fold serial dilution), 
corresponding to the concentration of sodium ions present in the highest FBP solutions. 
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The thermophoresis data of Hxk2 were used for further data analysis. The average of the 
first three lowest concentrations of FBP or NaH2PO4, where no binding had occurred, 
was calculated, and subtracted from all thermophoresis values (D-thermophoresis). 

Binding analyses using saturation transfer difference-NMR (1H-STD-NMR)
To perform saturation transfer difference (STD) NMR, we exchanged the buffer of the 
protein sample (buffer B) with buffer B prepared in deuterium oxide (D2O, pD 7.2) using 
a desalting column Nap10-Illustra (Life Sciences). NMR experiments were performed 
on a Varian Inova 600 MHz spectrometer equipped with a 5 mm indirect detection 
probe head, at a temperature of 10°C. Selective saturation was achieved by a train of 
Gauss-shaped pulses of 50 ms each, separated by a 0.1 ms delay. Forty selective pulses 
were applied, leading to a total length of the saturation train of 2 s. The on-resonance 
irradiation of the protein was performed at a chemical shift of 0 ppm for the control 
experiments with ATP, a known binder, and 0 ppm for the experiment with the Hxk2 
protein, and the off- resonance irradiation was set to -20 ppm in all cases, where no 
protein signals were present. The number of scans used was 1024 (512 for on- and 512 
for off-resonance) for ATP and 4096 scans (2048 for on- and 2048 for off-resonance) for 
FBP. NMR spectra were zero filled once, and multiplied by an exponential line broaden-
ing function of 1 Hz prior to Fourier transformation. All spectra were recorded with a 20 
ms spin-lock pulse, which minimizes the background protein resonances. The ‘DPFGSE 
sculpted solvent suppression’ was enabled. The data were acquired interleaved with 
blocks of 4 scans. The on- and off-resonance spectra were subtracted manually in Mes-
tReNova, resulting in the saturation transfer difference spectrum. 

A positive control experiment with ATP, a known binder, was performed to assure 
that the conditions used for the 1H-STD-NMR experiments were optimal for binding 
determination. The sample contained Hxk2 (20 mM), ATP (7 mM), 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) (200 mM, used as reference set to zero ppm) in buffer 
B in D2O in a final volume of 600 mL. The pH was adjusted to 7.2. No MgCl2 was added 
in this experiment, since Hxk2 hydrolyzes ATP in presence of MgCl2. 

For the determination of binding between FBP and Hxk2, four samples were prepared, 
each containing Hxk2 (20 mM), DSS (200 mM), MgCl2 (5 mM) and different concentra-
tions of FBP (0, 1, 5 or 20 mM). To compensate variations in ionic strength – caused by 
the addition of FBP sodium salt – equimolar amounts of NaH2PO4 (stock at 200 mM 
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in D2O) were added to the respective samples. The final volume of the samples was 
adjusted to 600 µl using buffer B in D2O and the pH adjusted to 7.2. 

Hxk2 ATP hydrolysis activity assays
The ATP hydrolysis activity of Hxk2 was determined by HPLC (Agilent). The reaction sam-
ples were prepared in cytosolic buffer, where 10 mM MgCl2, 10 mM glucose, and different 
starting ATP concentrations (2 mM, 5 mM or 7 mM) were added. All stock solutions were 
prepared in cytosolic buffer, and each solution had the pH adjusted to 7.2. Two parallel 
reactions were prepared and incubated at 30°C in the HPLC auto-sampler tray: in one of 
them, FBP was added to reach different concentrations (2 mM, 5 mM, 10 mM or 15 mM), 
and in the other reaction FBP was not added, but only the respective volume of cytosolic 
buffer. The reactions were started at the same time by adding Hxk2 in cytosolic buffer, 
which was pre-incubated at 30°C for 5 minutes. From each of the two reaction samples, 5 
µl of was injected every 3 minutes in an alternating manner, and the levels of ATP and ADP 
were quantified using UV detection at 260 nm after separation with an anion-exchange 
column (PL-SAX 1000, 8 mm, 50 x 4.6 mm, Agilent) and a gradient method with 50% 
mobile phase A (0.1 M NaH2PO4, pH 2.6) and 50% mobile phase B (0.5 M NaH2PO4, pH 
2.6), flow rate 1.3 ml min-1 and a column compartment temperature of 40°C. From the 
dynamic ATP and ADP measurements, the velocity of each reaction was determined from 
the initial linear ATP decrease and/or ADP increase, considering the first five points (i.e., 
30 minutes), and the residual activity was calculated by normalizing the initial velocity of 
the FBP containing reaction to the initial velocity of the parallel experiment without FBP.

Hxk2 glucose phosphorylation assays 
The glucose phosphorylation activity of Hxk2 was determined using an enzymatic assay 
with the coupled enzyme glucose-6-phosphate dehydrogenase. Here, changes in NADPH 
levels were spectrophotometrically monitored at 340 nm as previously described17. The 
reaction mixtures were prepared in buffer B containing NADP+ (1.5 mM), MgCl2 (5 mM), 
ATP (5 mM), glucose-6-phosphate dehydrogenase (2 U mL-1) (Sigma) and purified Hxk2 
(0.06 U mL-1), in a final volume of 300 mL. Different final concentrations of zinc chloride 
(0, 50, 100, 500 mM, 1 mM and 1.5 mM) were added to the reaction mixes. Further-
more, FBP and EDTA were added in final concentrations of 1 mM, 10 mM and 20 mM 
for FBP, and 1 mM for EDTA. All stock solutions were prepared in buffer B. The samples 
were pre-incubated for 10 min at 30°C, and the reactions were started by the addition 
of glucose (2.5 mM). Changes in NADPH levels were monitored for 30 minutes using a 
plate reader Tecan Spark 10M (Tecan). The velocity of each reaction was determined 
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from the initial linear increase of NADPH levels (up to 6 min), and the residual activities 
were calculated by normalizing the initial velocity of the reactions containing zinc to the 
initial velocity of the reactions without zinc.

Results

The stability of Hxk2 is not affected by FBP
In order to obtain first indications for an interaction between FBP and Hxk2, we determined 
the melting point of Hxk2 in the presence of FBP and (or in combination with) the cofactors 
ATP and ADP, in cytosolic buffer. This assay is based on the potentially stabilizing effects 
of ligands on the protein conformation, which eventually would lead to conformational 
changes causing a shift of the protein melting point towards higher temperatures18. Here, 
we found that the presence of ADP and FBP did not influence the stability of Hxk2 under 
the tested conditions, since the melting point of the enzyme remained similar to that of 
the control sample, which did not contain any ADP or FBP (Figure 1A and 1B). However, the 
presence of ATP increased the stability of Hxk2 in a concentration-dependent manner (up to 
2°C in the range of concentrations tested) (Figure 1C). The addition of FBP (10 mM) to the 
ADP and ATP containing samples did not lead to any further alterations in the melting point 
of Hxk2 (Figure 1B and C). Therefore, we conclude that ATP increases the stability of the 
enzyme, while ADP and FBP do not seem to have an effect on Hxk2 conformation.

Figure 1. The stability of Hxk2 is not altered by FBP or ADP, but increased by ATP. The melting 
point of Hxk2 was determined using thermal shift assay. (A): Hxk2 in the presence of different FBP 
concentrations, (B): ADP (open circles) and ADP + 10 mM of FBP (closed circles), (C): ATP (open 
circles) and ATP+ 10 mM of FBP (closed circles). Shown are average values and standard deviation 
of three independent experiments.
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FBP does not affect the enzymatic activity of Hxk2
Feng and co-authors suggested that FBP would induce a structural change within Hxk29. 
As the thermal shift assays gave no indications for a stabilizing effect of FBP on Hxk2, 
we aimed to further test the potential influence of FBP on Hxk2 activity. Therefore, we 
tested the Hxk2 ATP hydrolysis activity in the presence and absence of FBP. The enzyme 
activity assays were performed in cytosolic buffer at various FBP and ATP concentra-
tions from the physiological relevant range13,14,19. We determined the rates of the ATP 
hydrolysis through time course measurements of ATP and ADP concentrations using 
HPLC. To compare the influence of FBP on the Hxk2 ATP hydrolysis activity, we plotted 
the residual activity of Hxk2 in the presence of different concentrations of FBP, fitted a 
linear model to the data and estimated the slopes. Here, we found that the slopes did 
not differ significantly from zero under all tested conditions (Figure 2), which indicates 
that FBP has no influence on the residual activity at any ATP concentration tested. Thus, 
in line with the thermal shift assay results, FBP does not seem to influence the rate of 
Hxk2 ATP hydrolysis activity.

FBP does not interact with Hxk2 
Although in the previous experiments we did not observe an influence of FBP on Hxk2 
stability and activity, we aimed to further test for a potential interaction using microscale 
thermophoresis (MST)20 and saturation transfer difference NMR (1H-STD-NMR)21. The 

Figure 2. FBP does not influence ATP hydrolysis activity of Hxk2. The initial velocities of Hxk2 cata-
lyzed ATP hydrolysis were determined from ATP depletion with different starting ATP concentra-
tions and different physiological FBP concentrations. (A) 2 mM ATP; (B) 5 mM ATP; (C) 7 mM ATP. 
The residual activity was obtained by dividing initial velocities determined in experiments with 
FBP by initial velocities determined in experiments without FBP, acquired in parallel experimental 
setups. A linear model with intercept fixed at 100% was fitted to the data using GraphPad Prism 5, 
and the slope was estimated. Open circles – residual activities; solid line – linear model fit, dashed 
lines – 95% confidence interval of the model fit.
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MST method measures the movement of particles in a temperature gradient. Changes 
in the hydration shell of proteins due to interaction of small molecules result in changes 
in the structure/conformation of the protein, which in turn alters its movement along 
the temperature gradient, and can be used to determine binding affinities20. In our MST 
assays, we found that the thermophoretic movement of Hxk2 was altered in samples 
containing FBP (Figure 3). However, it is important to note that titrating FBP inevitably 
implicates changes in the concentration of sodium, the counter ion of FBP (i.e. three 
sodium ions per FBP molecule). To exclude an effect of sodium ions on the thermo-
phoretic movement of Hxk2, we performed a control experiment, in which different 
concentrations of sodium phosphate were titrated. Here, we observed a similar pattern 
in thermophoresis of Hxk2 as observed for the presence of FBP (Figure 3). Thus, the 
thermophoresis behavior of Hxk2 seems to be influenced by the presence of sodium 
ions rather than by FBP, and therefore the MST assay could not reveal any indications 
for FBP binding to Hxk2. 

In order to avoid co-titration of the counter ion sodium, we next decided to use 1H-STD-
NMR as an alternative methods to determine FBP binding. In this technique the protein 
is saturated by selective irradiation. In case the ligand binds to the protein, the ligand, 
by spin diffusion, also becomes saturated. When subtracting the spectrum of the ligand 
measured while saturating the protein (on-resonance) from the reference spectrum 
(off-resonance), the difference spectrum is obtained (STD), which only contains the 
signals of the ligand when the ligand was bound to the protein21,22. The success of 
1H-STD-NMR experiments depends on the binding exchange rates of the ligand. to allow 

Figure 3. The thermophoretic mobility of Hxk2 is equally affected by FBP and sodium phosphate. 
Thermophoresis of Hxk2 in presence of different concentrations of FBP (open circles) and of so-
dium phosphate as control (closed circles). The measurements were performed in four replicates 
for FBP samples and in triplicate for the control. Shown are average values and standard devia-
tions are depicted as errors bars. 
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an accumulation of the saturated ligand in solution. For that reason, the off rate (koff) 
should be high enough to allow this accumulation to occur, and on the other hand it 
should not be too high, in order to allow the ligand to remain in the binding site long 
enough to receive the saturation from the protein. This minimum residence time for 
saturation transfer implicates that only interactions with a maximum KD of 1 mM can 
be identified21.

First, we sought to confirm that our buffer conditions were suitable to detect ligand 
binding with this methodology. Therefore, we performed an experiment with ATP as 
a known binder of Hxk2, and observed a clear STD signals from ATP (Supplementary 
Figure 1) corresponding to a strong binding, which was previously described with a KD 
of 0.1 mM23. This observation indicates that the experimental conditions were suitable 
to determine ligand binding. 

Next, we determined the 1H-NMR spectrum of FBP only (Figure 4A). Testing FBP and 
Hxk2 together, we found STD signals for FBP (Figure 4B). Notably, the STD signals were 
extremely low, which suggested a weak or an unspecific binding between Hxk2 and FBP. 
The limitation of 1H-STD-NMR, mentioned above, could explain these weak signals of 
FBP in STD-NMR spectrum: if the interaction between these two molecules is rather 
weak (with a KD above 1 mM) the residence time would not be long enough to allow 
the saturation from the protein to be transferred to FBP, resulting in weak STD signals. 
To test whether these FBP signals were indeed due to an interaction between FBP and 
Hxk2, we ran a control experiment without addition of the protein. Here, we observed 
similarly low STD signals from FBP (Figure 4C). Thus, the FBP itself causes weak signals in 
the STD-NMR spectra, independent of the absence or presence of Hxk2. Taken together, 
with these two different approaches, we were unable to identify a direct interaction 
between FBP and Hxk2. 

FBP indirectly changes the stability of Hxk2 in presence of zinc by acting as a chelator
We could not identify any influence of FBP on the stability or enzymatic activity of 
Hxk2, nor did we find evidence for direct binding of FBP to Hxk2. Thus, we concluded 
that there is no direct physical interaction between FBP and Hxk2. However, using a 
mass spectrometry-based method Feng and coworkers observed structural changes in 
Hxk2 after addition of FBP. Thus, we wondered whether these changes could be due to 
indirect effects caused by a secondary effector. We hypothesized that a metal ion could 
be such secondary effector, and that FBP, which has earlier shown to act as chelator24, 
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could indirectly mediate structural changes in Hxk2 by titrating out metal ions. In fact, 
different ions have been shown to influence Hxk2 activity, such as Al3+ 7,8 and Zn2+ 25,26. 

In order to test this hypothesis, we first determined the influence of different metal ions 
on Hxk2 stability using thermal shift assays. We decided to perform these screening 
experiments with buffer B, due to the fact that cytosolic buffer already contains divalent 
cations (Table 1). By testing a number of different ions, we found that manganese, cal-
cium, aluminum and iron and did not alter the stability of Hxk2 at any of the concentra-
tions used, under the buffer conditions tested (Figure 5A-D). However, the presence of 
zinc decreased the melting point of the enzyme up to 10°C (Figure 5E). 

To determine whether the impact on protein stability caused by zinc could be recovered 
by the addition of a chelator, we performed thermal shift assay experiments with zinc in 
combination with FBP or the strong chelator EDTA. Here, we observed that the negative 
effect of 5 mM and 50 mM zinc on Hxk2 stability was reduced in the presence of 10 mM 

Figure 4. FBP does not bind to Hxk2. (A) 1H-NMR spectrum of FBP. (B) 1H-STD-NMR spectrum of 
FBP in presence of Hxk2. (C) 1H-STD-NMR spectrum of FBP in absence of Hxk2, control experi-
ment. The blue circles indicate the peak of DSS, used as reference. 
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FBP, and completely reversed by the presence of 1 mM of EDTA (Figure 6). The melting 
point of Hxk2 in presence of 5 mM and 50 mM zinc is significantly increased by the 
presence of 10 mM of FBP (p-value 0.0229 and 0.0093, respectively). Thus, these find-
ings suggest that FBP can increase Hxk2 stability by chelating zinc ions that apparently 
negatively affect Hxk2 structure. 

FBP restores the activity of Hxk2 in presence of zinc by acting as a chelator
In order to test whether zinc would also influence the glucose-phosphorylating activity 
of Hxk2, we performed kinetic experiments in the presence and absence of zinc ions. 
We determined the initial rates of glucose phosphorylation reactions using the coupled 
enzyme activity assay through time course measurements of NADPH concentrations at 
340 nm. The residual activities were determined by normalizing the initial velocity of the 
reactions containing zinc with the initial velocity of the reactions without zinc. Consistent 
with the results of the thermofluor analysis (Figure 5E) we observed that increasing zinc 
concentrations resulted in a drop of the residual enzyme activity (Figure 7A). 

To further confirm that FBP could rescue this negative effect by acting as a chelator, 
we determined residual enzyme activities in the presence of Zn2+ and FBP or EDTA. 

Figure 5. Hxk2 stability decreases in presence of zinc. The melting point of Hxk2 was determined in 
buffer B, pH 7.2, by thermal shift assay, without any added metal ions or in presence of (A) manganese, 
(B) calcium, (C) aluminum, (D) iron and (E) zinc. The measurements were performed in triplicates, and 
the error bars indicate standard deviations. For MnCl2 one single replicate was performed. 
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Here, we found that the activity of Hxk2 could be restored by the presence of FBP in a 
concentration dependent manner, as well as by the presence of EDTA (Figure 7A and B). 

Figure 6. The effect of zinc on Hxk2 stability is partially restored by FBP. The melting point of Hxk2 
was determined by thermal shift assay in the presence of different concentrations of ZnCl2 (grey 
circles), and in combination with 10 mM FBP (black circles) or 1 mM EDTA (open squares). The 
measurements were performed in triplicates, and error bars indicate the standard deviation. 

Figure 7. Zinc decreases the activity of Hxk2, and FBP restores it partially. The initial velocities of the 
Hxk2 reaction were determined by monitoring the production of NADPH at 340 nm in presence of 
different concentrations of ZnCl2 (0.005, 0.05, 0.5, 1 and 1.5 mM), and in combination with differ-
ent FBP concentrations (0 mM, 10 mM and 20 mM), or EDTA (1 mM). The residual activities were 
obtained by dividing initial velocities determined in experiments with zinc by initial velocities de-
termined in experiments without zinc. For reactions containing FBP or EDTA, the residual activities 
were obtained by dividing initial velocities determined in experiments with zinc in combination with 
FBP or EDTA by initial velocities determined in experiments without FBP or EDTA. A linear model 
with intercept fixed at 100% was fitted to the data using GraphPad Prism 5, and the slopes were 
estimated. (A) Comparison of residual activities of reactions containing concentrations of ZnCl2  with 
different concentrations of FBP: 0 mM (open circles), 10 mM (light blue circles) and 20 mM (dark 
blue circles); EDTA: 1 mM (grey circles). (B) Slopes of the linear fit of the reactions containing differ-
ent concentrations of ZnCl2, and in combination with 10 mM FBP, 20 mM FBP or 1 mM EDTA (dashed 
line). Solid line – linear model fit, dashed lines in A – 95% confidence interval of the model fit. 
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Therefore, we conclude that zinc influences the stability and the activity of Hxk2, and 
that FBP can partially rescue these effects by acting as a chelator. 

Discussion
In this work, we sought to biochemically validate the putative interaction between Hxk2 
and FBP, which was previously suggested by a novel mass spectrometry methodology9. 
We observed that the presence of FBP neither influenced the stability nor the activity 
of Hxk2, and we found no indications for a direct interaction between these two mol-
ecules. In order to explain the structural alterations proposed by the mass spectrometry 
method, we hypothesized that FBP, by acting as a chelator, would titrate away the metal 
ions otherwise bound to Hxk2, and thereby resulting in conformational changes of the 
enzyme. In fact, we found that zinc ions negatively influence the stability and the activ-
ity of Hxk2, and that the presence of FBP diminishes this effect in a similar way as the 
strong chelator EDTA. Therefore, the FBP-induced structural alterations proposed by the 
mass spectrometry method could be due to an indirect effect of FBP chelating out metal 
ions, such as zinc, thereby leading to metal ion-induced structural changes of Hxk2. In 
fact, the buffer used in the mass spectrometry study contained 10 mM of MgCl2. The 
divalent ion magnesium is a well-known Hxk2 binder, which is required for the enzyme 
activity27. Furthermore, Feng et al. used extracts from yeast cells, which also contain 
metal ions. 

In our analysis, we used metal ion concentrations that correspond to the range of 
intracellular concentrations described in the literature28–32. Furthermore, we used 
physiological concentrations of FBP, which is described to range between 0.05 mM 
and 18 mM13,14. It is conceivable that the chelating effect of FBP also influences the 
metal ion concentrations in cells. FBP is a key metabolite of the glycolytic pathway and 
its concentration is modulated in response to metabolic flux10,33. FBP – via a chelating 
effect – could have a global effect on the activity of numerous enzymes. As a chelator, 
FBP could induce metabolic responses, through binding metal ions and therefore glob-
ally affecting the activity of enzymes. 

The potential involvement of metal ions in the regulation of metabolic activity has been 
discussed in the past to some extent34–36. An example concerns the well-described 
regulation of pyruvate kinase (PK) by FBP. It was observed that the interaction of diva-
lent cations enhances the interaction of FBP and PEP with the enzyme, and also triggers 
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the communication between PEP and FBP sites by an allosteric relay mechanism37. 
Additionally, PK activity was shown to require a bivalent (magnesium) and a monova-
lent (potassium) metal ion for its optimal activity, whereas calcium and sodium have 
an inhibitory effect34. The importance of metal ions in the evolution of glycolysis has 
recently been demonstrated, suggesting that the regulation of glycolysis by metal ions, 
together with variations in pH, could have had an early role in evolution, even before 
the existence of enzymes38. 

The presence and action of chelators in the cell would influence the intracellular 
availability and ratio of metal ions, resulting in an orchestrated regulation of enzymes 
and the metabolism. As such chelators can be metabolic intermediates, as FBP, whose 
concentrations correlate with metabolic fluxes, their interaction with metal ions would 
display an interesting regulatory mechanism that couples metabolic flux to a global 
regulation of enzyme activities. However, the possible role of flux-signaling metabolites 
acting as chelators in the metabolic regulation has, to the best of our knowledge, not 
yet been considered.
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Supplementary information:

Supplementary Figure 1. ATP binds to Hxk2. (A) 1H-NMR spectrum of ATP. (B) 1H-STD-NMR spec-
trum of ATP in presence of Hxk2. The blue circles indicate the peak of DSS, used as reference. 
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