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ABSTRACT: The various oligomeric states of the M2 isoform of pyruvate kinase (PKM2) were distinguished using native mass 
spectrometry (MS). The effect of PKM2 concentration on its dimer:tetramer equilibrium was monitored and a value for the 
dissociation constant (Kd) of the two species was estimated to be 0.95 µM. Results of binding experiments of fructose-1,6-
bisphosphate (FBP) to PKM2 are shown, which provide insight into the allosteric mechanism and changes in the oligomerization 
status of PKM2. The average Kd of FBP to PKM2 tetramer was estimated to be 7.5 µM. It is concluded that four molecules of FBP 
bind to the active PKM2 tetramer whereas binding of FBP to the PKM2 dimer was not observed. It is suggested that either FBP 
potentiates rapid tetramer formation after binding to apo PKM2 dimers or FBP binds to PKM2 apo tetramers thus driving the 
dimer:tetramer equilibrium in the direction of fully FBP bound tetramer. The binding occurs in a highly positively cooperative 
manner with a Hill coefficient of n=3. 

Pyruvate kinase (PK) is one of three regulatory enzymes in the 
glycolytic pathway and catalyzes the last step by transferring a 
phosphate group from phosphoenolpyruvate (PEP) to 
adenosine di-phosphate (ADP), yielding one molecule of 
pyruvate and one molecule of adenosine tri-phosphate (ATP)1. 
Four isoforms of PK are expressed in mammals: PKL, PKR, 
PKM1 and PKM2, and cancer cells have been shown to 
preferentially express the M2 isoform2. Kinetic 
characterization of the tetrameric and dimeric form of PKM2 
has revealed that the tetrameric form has a high affinity for 
PEP resulting in increased ATP production, whereas the 
dimeric form has low affinity for PEP and reduced ATP 
production2. In tumor cells, the inactive, dimeric, form of 
PKM2 predominates and glycolytic metabolites are thus 
diverted to anabolic pathways in order to maintain tumor 
growth3,4. Extensive biochemical characterization has 
previously been undertaken to investigate the pyruvate kinase 
activity of PKM2 over other PK isoforms in the presence of 
the native allosteric activator FBP and other small molecule 
ligands, and how FBP binding regulates the activity of PKM2 
and glucose uptake during glycolysis in tumor and non-tumor 
cells5. Various compounds have been tested for their ability to 
activate PKM2 and suppress tumor proliferation6,7. Molecular 
dynamic simulations were applied to study the atomic 
relationship between FBP and serine for allosteric regulation 
of PKM28. PKM2 has been shown to be critical for cancer 
metabolism and tumor growth compared to PKM1 due to 
diminished tumor proliferation when PKM2 was replaced by 
its isoform PKM15,9. PKM1 has been studied by electrospray 
ionization mass spectrometry coupled to hydrogen-deuterium 
exchange to analyze the mechanisms of activation and 
allosteric regulation10. Distinguishing the various active and 
inactive species of PKM2 has obvious benefit in the design 
and testing of novel therapeutic agents. However, the allosteric 

mechanism by which FBP binds to and activates PKM2, and 
its effect on the dimer/tetramer ratio of the protein, remains 
poorly understood. 
Native electrospray ionization mass spectrometry (ESI-MS) is 
a rapid, sensitive and high resolution approach which has 
previously been utilized to analyze allosteric mechanisms11,12. 
It can determine composition, stoichiometry, subunit 
interactions, binding affinity and architectural organization of 
noncovalent protein complexes13–16. Native MS has been 
utilized to study apo pyruvate kinase17,18 and in the current 
study native MS was applied to provide insights into the 
allosteric regulation and cooperativity of FBP binding to 
PKM2. The oligomeric states of PKM2 were analyzed in the 
absence and presence of FBP and values for the stoichiometry 
of FBP binding and the affinity were determined by FBP 
titration experiments. The Hill coefficient was also calculated 
by fitting the data to the Hill equation in order to determine 
cooperativity of FBP binding to the four PKM2 monomers. 
The S437Y PKM2 mutant which contains a sterically 
occluded FBP binding site was used as a negative control. 
The equilibrium between dimers and tetramers is dependent on 
the presence of multiple regulatory molecules8 including 
serine, K+ and NH4

+ ions and FBP, as well as the protein 
concentration5,7 (Figure 1). In the absence of FBP PKM2 was 
found by MS to be predominantly dimeric (86.0% ± 7.6 at 
2.5 µΜ dimeric PKM2, mean of 6 replicates), an observation 
which was also made previously by isoelectric focusing 
chromatography3. Morgan et al.19 and Anastasiou et. al.5 
observed monomeric PKM2 by SEC-MALS and 
ultracentrifugation, respectively, but in our MS experiments 
the monomer was not found at high abundance. Native MS is a 
less energetic technique, i.e., dissociation of tetramers to 
monomers caused by the experimental conditions is expected 
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to be minimal compared to other techniques. Monomer and 
trimer species were observed only with very low intensity 
(Figure 2a).  
The trimer population is more prominent at high 
concentrations of PKM2 (Figure 1a); formation of nonspecific 
higher order oligomers may be driven by the electrospray 
process at increased protein concentration as the probability of 
individual electrospray droplet containing more than one 
analyte molecule is increased.  
It is noteworthy that FBP did not affect the distribution of 
monomers with respect to the other oligomeric states (Figure 
S1). Moreover, the inactive dimeric form of PKM2 has been 
found in cancer cells2,3 rendering it of increased interest 
compared to the low abundance monomer population. 
The relationship between the ion signal and the analyte 
concentration in an ESI mass spectrometer is referred to as the 
response factor ’R’. It is the result of various parameters 
affecting the ion signal intensities including the ionization 
probability of the various species present in solution, the 
differences in ion transmission through the mass spectrometer 
and the MS detection efficiency20. 
To correlate the relative intensities of dimers and tetramers in 
the mass spectra with their relative abundance in solution, the 
response factors of the dimer, RD, and the of tetramer, RT, 
were taken into account during the analysis of the MS data. In 
order to determine the ratio of the response factors, equation 
(1) was used. The PKM2 concentration was increased 
incrementally and the equilibrium between the two oligomeric 
states was found to shift toward tetramer at increased protein 
concentrations. 

 

Figure 1: a) Native ESI mass spectra of wild type PKM2 at dimer 
concentration of 2.5 µM and 23.0 µM. The tetramer is represented 
by four circles and the dimer by two. b) ) Plot of the ratio of the 
experimentally determined peak areas (black triangles) 
representing dimer (D) and tetramer (T) populations versus the 
dimer concentration [PKM2]. To ensure reproducibility, the data 
were collected on two separate days from different samples. Two 
curves are shown for response factor ratio (r)=0.5 (red) and r=3.0 

(blue) and a 95% confidence interval is indicated with the dotted 
lines for each case. The ratio of the dimer and tetramer ionization, 
r, and the dissociation constant (Kd) of the dimer:dimer interaction 
were subsequently calculated. 

The curve in Figure 1 was generated by a non-linear fitting to 
the following equation21: 
!
!
= !! !!!∗!!∗!

!∗!∗!!∗!
    (1) 

 
D=peak area of the dimer, T=peak area of the tetramer, 
Ka=association constant of the dimer:dimer interaction 
(Ka=1/Kd), r=ratio between the response factors of the dimer 
and the tetramer and c=concentration of the dimer determined 
by A280 (ε=29790 M-1cm-1 for the monomer) measurement. In 
order to facilitate data fitting, the r value was restricted to a 
range between 0.5 and 6, based on literature data21. Using non-
linear fitting with a bi-square robust algorithm that minimizes 
the weighted sum of squares, the best fit to the data with a 
95% confidence interval was achieved with r=0.5 (Figure 1). 
This value was therefore applied to subsequent calculations 
and the dimer:dimer Kd value calculated to be 0.95 µM. The 
value of r=0.5 suggests that the response factor of the tetramer 
is higher than that of the dimer. This is in agreement with the 
literature22, where it has been shown that a larger protein is 
expected to give a stronger signal in the mass spectrum. 
It has previously been suggested that FBP activates PKM2 by 
inducing conformational changes which promote its 
tetramerization5. The effect of increasing concentrations of 
FBP on the oligomeric states of PKM2 was tested (Figure 2a). 
FBP was titrated into 2.5 µM PKM2 (dimer concentration, 
corresponding to 5.0 µM monomer) and four molecules of 
FBP were observed to bind to the PKM2 tetramer whereas 
FBP was not observed binding to the dimer. The ratio of 
dimer/tetramer clearly decreased in the presence of increasing 
[FBP] suggesting that FBP induced a conformational change 
in the dimer that potentiated tetramer formation. It is 
noteworthy that even after extensive purification and desalting 
the protein was still observed with 11.0% ± 1.4, (6 replicates) 
or 0.5 µM of endogenous FBP bound (lower spectrum of 
Figure 2b & Figure S2), which was taken into account during 
subsequent calculations. 
At FBP concentration = 4.5 µM + 0.5 µM endogenous FBP 
PKM2 was found to be predominantly tetrameric (71.0% ± 
4.4, Figure 3). This result agrees with previous reports 
showing that the fully associated tetrameric form of PKM2 is 
promoted in the presence of activators5. In Figure 2b, zoomed 
spectra of the PKM2 tetramer at different FBP concentrations 
are shown. Before saturation of the tetrameric form is reached, 
two oligomer populations were distinguished, fully FBP bound 
(233615 ± 72 Da) tetramer and apo tetramer (232146 ± 70 
Da). The mass difference between the two populations (1496 
Da) clearly corresponds to four molecules of FBP (theoretical 
mass of FBP = 340 Da). The ratio of the areas of the FBP 
bound PKM2 peaks to the total area of all the peaks were 
plotted against FBP concentration (Figure 3).  
Application of the Hill equation yielded a Hill coefficient of 3 
which is indicative of a highly cooperative binding interaction. 
An apparent average binding affinity of 7.5 µM was also 
calculated. However, in the absence of an appropriate model 
for binding of FBP to PKM2 it is not possible to 
unequivocally calculate a single value for FBP binding. This is 
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due to necessary assumptions regarding FBP binding coupled 
to the dimer:tetramer equilibrium, the presence of endogenous 
FBP and the sequential positively cooperative nature of FBP 
binding.  
Isothermal titration calorimetry (ITC) was used to determine 
the affinity and stoichiometry of FBP binding to PKM2 to 
benchmark the results from MS experiments. ITC curves were 
acquired in the gel filtration buffer, 25 mM Tris base, pH 7.5, 
100 mM KCl, 5 mM MgCl2 and in the native MS buffer, 200 
mM ammonium acetate pH 7.5 (NH4Ac), (Figure S3). The 
binding isotherm in both solutions yielded a similar biphasic 
shape indicating that at least two sequential binding events 
occurred. The shape of the curve implied positive 
cooperativity which is in agreement with the result from the 
MS experiment. Also in accordance with the MS data, it was 
not possible to calculate a single Kd value due to the lack of a 
suitable model for the binding of FBP to PKM2. Additional 
studies would be required to derive the relevant binding model 
and to determine Kd values for each binding event and for the 
dimer to tetramer interaction.  

	
  

Figure 2: a) Representative nano ESI-MS spectra of 2.5 μM 
dimeric concentration PKM2 titrated against FBP in 200 mM 
NH4Ac. The intensity of the dimer (two circles) decreased and the 
tetramer (four circles) increased with increasing FBP 
concentration. b) Representative nano ESI-MS spectra of the 

PKM2 tetramer (empty circles) titrated against FBP in 200 mM 
NH4Ac. Four molecules of FBP are bound to the tetramer (filled 
circles). Before saturation was reached unbound tetramer and 
fully bound tetramer were observed. The mass error was derived 
from the standard deviation of six measurements. 

Ammonium ions have also been shown previously to regulate 
the activity of PKM223 therefore the effect of ammonium ions 
on the oligomeric distribution of PKM2 was investigated 
(Figure S4). At high NH4Ac concentrations (>1 M) the 
spectral intensity of the dimers series decreased whilst that of 
the tetramers increased. The dimer to tetramer transition in the 
presence of FBP occurred at micromolar concentrations, thus 
the relative effect of NH4Ac on the oligomeric distribution was 
considered to be negligible.  
In order to further examine the effect of FBP on PKM2 in both 
Tris base and NH4Ac solutions, and to corroborate the findings 
from ITC and native MS, a thermal shift assay was performed 
to measure changes in the thermal stability of the protein 
(Figure S5). The Tm of apo PKM2 was 47.4 oC in NH4Ac and 
48.4 oC in Tris buffer, which indicated that PKM2 stability is 
minimally affected by the nature of the two buffers tested. 
Addition of 200 µM FBP to 60 µM PKM2 increased the Tm to 
64 oC in NH4Ac and to 66 oC in Tris buffer indicating that 
FBP stabilized PKM2 to a similar degree in either solution. 
The S437Y mutant of PKM2 which has a sterically occluded 
FBP binding site7, does not bind FBP. Using activity assays it 
has been shown7 that the S437Y mutant of PKM2 is activated 
by serine but not by FBP. Molecular dynamic simulations 
indicated that the stability of S437Y PKM2 mutant was 
significantly decreased compared to the wild type and that the 
distance between each domain of the mutant was increased24. 
However, no information was found in the literature regarding 
the oligomeric distribution of the S437Y mutant PKM2 and 
since the mutant is not activated by FBP, the dimer to tetramer 
equilibrium should not be affected by addition of FBP It was 
therefore analyzed in the absence and presence of FBP (Figure 
4) as a negative non-FBP binding control. The mass spectrum 
of the mutant protein showed a different charge state 
distribution compared to the wild type PKM2. Tetramer, dimer 
and monomer were all observed. The oligomeric distribution 
of the mutant is broader than the wild type protein and the 
reason for this difference is not known but the key observation 
is that the distribution is not perturbed by the addition of a 
large molar excess of FBP. The observed oligomeric 
distribution of the S437Y mutant is therefore consistent with 
predictions from molecular dynamic simulations24. 

a)

b)
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Figure 3: Titration curve for the PKM2-FBP complex. Ion peak 
area of the FBP-bound PKM2 oligomeric species to total ion peak 
area (black triangles) measured with MS plotted vs [FBP]. To 
ensure reproducibility, the data were fitted with the Hill equation 
and the affinity of the complex was measured to be 7.5 μM. The 
binding occurs in a highly positively cooperative manner with a 
Hill coefficient n=3. A 95% confidence interval is indicated with 
the dotted lines. 

In the presence of 25 µM FBP (Figure 4 upper spectrum) no 
change was observed in the oligomer distribution of the 
S437Y mutant, and despite the high FBP concentration, no 
FBP was observed to bind either specifically or 
nonspecifically to the S437Y mutant of PKM2. Therefore 
changes to the wild type protein were due to FBP binding.  
In this study native MS was applied to analyze co-existing 
populations of different ligation states of PKM2, a key 
regulatory node in the glycolytic pathway in tumor cells, 
thereby generating insights into the allosteric and cooperative 
mechanism of FBP binding. The various oligomer populations 
of wild type PKM2 were simultaneously distinguished. It was 
shown that the oligomeric states of the protein vary with 
protein concentration and the presence of FBP induces 
tetramerization of the dimer which is predominantly observed 
in the absence of added FBP. The overall binding affinity of 
PKM2 dimers for each other and the average FBP binding 
affinity to PKM2 were measured. In the presence of FBP fully 
FBP-bound tetrameric protein (four FBP molecules bound to 
one tetramer) as well as apo (FBP free) tetramer and dimer 
were observed. No intermediate ligation states were observed 
where one, two or three FBP molecules were detected. This 
suggests that either after binding to apo dimer FBP induces 
rapid formation and stabilization of the tetramer or FBP can 
only bind to the tetramer thereby driving the dimer:tetramer 
equilibrium in the direction of fully FBP bound tetramer. 
However, it is possible that other ligation states of PKM2 were 
present but which were not resolved in this experiment. The 
resolution of the mass spectrometer used for this study would 
allow the detection of three and possibly two FBP molecules 
bound if the complex formed was stable within the 
experimental time frame. However, no intermediate ligation 
states were observed other than four FBP molecules bound to 
the tetrameric PKM2. 

 

Figure 4: Nano ESI-MS spectra of 2.5 µM dimeric S437Y PKM2 
mutant in the presence of 25 µM FBP (upper spectrum) and in the 
absence of FBP (lower spectrum). The native state of PKM2 is 
destabilized by the mutation and tetrameric (four circles), dimeric 
(two circles), monomeric (one circle) species were observed. The 
different species are separated with dashed lines. No binding of 
FBP was observed. 

Studying allosteric mechanisms of protein activity is 
challenging and understanding them is of great biological 
interest and importance to drug discovery. The high resolution 
of MS renders it highly applicable to the study of protein 
ligation states by enabling detection of the mass differences 
resulting from low mass ligands binding to proteins. This in 
turn, facilitates the generation of mechanistic insights into 
ligand binding modes.  
The ultimate aim would be to determine a comprehensive 
model of FBP binding to PKM2 to enable fitting of 
experimental data to determine Kd values for the binding of 
four molecules of FBP to the PKM2 tetramer. This would 
require additional experiments with higher resolution mass 
spectrometers25 in combination with solution phase 
determination of affinities and subunit binding equilibria by, 
for example, ITC and analytical ultracentrifugation26 
respectively. 
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