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Macromolecular interactions are common mechanisms of protein function regulation. Emerging role of muscle fructose 1,6bisphospatase (FBP2) in memory formation and cancer cells survival was hypothesized to be regulated by such interactions. FBP2
exists as mixture of different oligomeric states which presumably may interact with their binding partners in a different mode.
Results presented here show how alterations of FBP2 quaternary structure affects interactions with such proteins as CAMK2α,
HIF1α or ALDOA. We show that a dimeric FBP2 is preferred form of the enzyme for interaction with CAMK2α. On the other hand,
an inactive tetrameric T-state of FBP2 binds HIF1α and, to a lesser extent, ALDOA stronger than the dimeric and an active R-state
tetrameric FBP2.

Results: FBP2- ALDOA

Results: FBP2-HIF1α
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Introduction
Muscle fructose 1,6-bisphosphatase (FBP2) is regulatory enzyme of glyconeogenesis, a synthesis of glycogen from non-carbohydrates (1).
FBP2 is the sole isoform of fructose 1,6-bisphosphatase in skeletal muscles but is also expressed in cells/organs which are not supposed
to have active glyconeogenesis, such as neurons (2). The role of FBP2 in non-glyconeogenic cells was shown to be associated with
noncatalytic functions of the enzyme which is related to interactions with other proteins (2). It was shown that FBP2 interacts with
Calcium/calmodulin-dependent protein kinase II alpha (CAMK2α) in neurons and is probably related to induction of the Long-Term
Potentiation, a molecular mechanism of memory formation (3). FBP2 interactions with Hypoxia-inducible factor 1-alpha (HIF1α) and
Aldolase A (ALDOA) in cancer cells seems to be important for cancer cell survival (4, 5).
FBP2 exists in different oligomeric and conformational states. In absence of allosteric inhibitors, FBP2 forms the catalytically active Rstate tetramers and, to a lesser extent, the active dimers. The presence of allosteric inhibitors, such as AMP or NAD+, leads to
stabilization of the tetrameric form in its inactive T-state (6) (Fig.1).
Moreover, it was shown that different states of FBP2 have distinct cellular distribution and colocalizes with different binding partners (7).
Here we show how various conformational states of FBP2 influence the enzymes interactions with CAMK2α, HIF1α and ALDOA in vitro
and provide preliminary data on FBP2-HIF1α and ALDOA complexes formation in a cancer cell.

Figure 1. Crystallographic structures of different forms of FBP2. From the
left: the R-state tetramer (5ET5), the T-state tetramer (5ET7), the
presumable structure of dimer (5ET5, modified).

Methods
Human recombinant muscle fructose 1,6-bisphosphatase, its dimeric-only mutein (190)L>G, muteins of both FBP2 WT and (190)L>G with added polyhistidine tags on C-terminus and human recombinant muscle aldolase
were encoded on pETite C-His plasmids, expressed in Escherichia Coli BL21 (DE3) and purified as described before (7). Human recombinant his-tagged proteins CAMK2α (Thermo Scientific, PR4586C) and HIF1α (abcam,
ab154478) were bought commercially.
Binding of different oligomeric states of FBP2 to CAMK2α, ALDOA and HIF1α was studied using microscale thermophoresis performed by using Monolith NT.115 (NanoTemper Technologies). FBP2 WT is a mixture of
tetramers (presumably in its R-state) and dimers (30%) (6), while the addition of AMP induces practically complete tetramerization of the WT FBP2 in its T-state (6). FBP2 (190)L>G represents the dimeric-only form.
HIF1α and CAMK2α were labelled with Monolith His-Tag labeling Kit RED tris-NTA 2nd Generation (Nanotemper Technologies) as described in manufacturers instruction. For interactions of FBP2 with ALDOA, his-tagged
variants of FBP2 WT and (190)L>G mutein were labeled in same manner. All interactions were measured after 15 minutes of incubation in 37°C. For study of FBP2-ALDOA and FBP2-CAMK2α interactions, the
measurements were performed in 50 mM HEPES buffer, pH 7.4, 150 mM KCl, 1 mM MgCl2, 0.02% Tween 20. For study of FBP2-ALDOA interactions, PBS buffer, pH 7.4, 0.02% Tween 20 was used. Constant concentration
of titrated his-tagged variants of FBP2 (33.33 nM) was used against series of dilutions of ALDOA. In case of HIF1α-FBP2 it was 20 nM for labelled HIF1α and in terms of CAMK2α-FBP2 it was 36.36 nM for labelled
CAMK2α, both used against series of dilutions of different FBP2 forms. Determination of half maximal effective concentration (EC50), Hill coefficient or dissociation constant (Kd) was performed by using MO.Affinity
Analysis 3 software (NanoTemper Technologies)
Mouse squamous cell carcinoma cells (KLN 205 line) were cultured for 48 hours. T-state tetramerization of FBP2 was induced by incubation with 5 µM iFbp2 for 1 hour. The interactions were detected using Duolink In
Situ Orange Starter Kit Mouse/Rabbit (Sigma-Aldrich) according to manufacturer instructions. Antibodies dilutions were: rabbit anti-ALDOA 1:500, mouse anti-FBP2 1:500, rabbit anti-HIF1α 1:500. Nuclei were stained
with DAPI. Fluorescent images were taken using Olympus FV-1000 Confocal Microscope with 60x zoom. Experiments were repeated three times. Together 45 images were made in each condition. Mann-Whitney’s U-test
was used for validation of results significance.

Results: FBP2 - CAMK2α
Figure 2. Interactions between various quaternary states of FBP2 and CAMK2α.
FBP2 WT (predominantly the R-state) interacted with CAMK2α with half maximal effective
concentration (EC50)= 4.79E-06 M (±2.07E-06), Hill coefficient (n)= 0.93. Analysis with
different model of binding revealed dissociation constant (Kd)= 4.78E-06 M (± 1.45E-06).
The binding parameters for AMP-saturated FBP2 WT (the T-state) were: EC50=1.81E-05 M
(± 3.11E-06), n=2.56, Kd=5.82E-05 M (± 3.60E-05).
The binding parameters for FBP2 (190)L>G (the dimers) were: EC50=6.50E-07 M (± 9.99E08), n=4.84, Kd= 5.79E-07 M (± 2.98E-07).
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Figure 3. A) Interactions between various quaternary states of FBP2 and ALDOA.
FBP2 WT interacted with ALDOA with EC50=2.39E-07 M (±8.32E-08), Hill coefficient
(n)= 0.86. Analysis with different model of binding revealed Kd=2.05E-07 M (±5.84E08). The binding constants for AMP-saturated FBP2 WT were: EC50=9.67E-08 M (±
2.17E-08), n=1.12, Kd=8.01E-08 M (±2.13E-08). The binding parameters for FBP2
(190)L>G were: EC50=1.24E-07 M (± 1.13E-08), n=1.66, Kd=9.75E-08 M (± 2.04E-08).
B) The effect of an allosteric inhibition of FBP2 with iFbp2 on the interaction of
Aldoa-Fbp2 in the KLN 205 cells (determined using the proximity ligation). iFbp2
stimulates Aldoa-Fbp2 complex formation by 270% (p-value=5.28E-08).
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Figure 4. A) Interactions between various quaternary states of FBP2 and HIF1α. FBP2
WT interacted with HIF1α with EC50=2.20E-06 M (± 2.54E-07), Hill coefficient (n)=
1.11. Analysis with different model of binding revealed Kd=2.21E-06 M (± 2.73E-07).
The binding constants for AMP-saturated FBP2 WT were: EC50=3.89E-08 M (± 6.62E09), n=2.48, Kd=1.65E-08 M (± 7.66E-09). The binding parameters for FBP2 (190)L>G
were: EC50=1.60-07 M (± 1.56E-08), n=3.12, Kd=1.15E-07 M (± 3.60E-08).
B) The effect of an allosteric inhibition of Fbp2 with iFbp2 on the interaction of Hif1α
-FBP2 in the KLN 205 cells (determined using the proximity ligation). iFbp2 stimulates
Hif1α -Fbp2 complex formation by 200% (p-value=1.68E-07).

Conclusions
Data presented here suggests that the dimers are preferred FBP2 form interacting with CAMK2α in solution. Because FBP2- CAMK2α binding
was shown to stimulate memory formation and since FBP2 dimers exist in the absence of the enzyme allosteric effectors (AMP and NAD+)
thus our findings support hypothesis that astrocyte-derived lactate stimulates memory formation by decreasing NAD+ level in neurons
(Fig.2) (3).
In contrast to CAMK2α, HIF1α and ALDOA bind with similar affinity both, the dimeric and the T-state tetrameric FBP2 (Fig.3 and Fig.4A). The
preferential binding of the T-state over the active the R-state by HIF1α and ALDOA is reflected by significantly higher amount of fluorescent
signal related to the complexes in cells treated with the agent which tetramerizes FBP2 in its inactive tetrameric conformation (Fig.3B and
Fig.4B). These results cannot however exclude that although ALDOA and HIF1α preferably associates with the T-state, the binding induces
structural changes toward the active, R-like state of FBP2 because the interaction of ALDOA with FBP2 completely desensitizes the latter
enzyme to the action of allosteric inhibitors (2).
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