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Mint3 is known to enhance aerobic ATP production, known
as the Warburg effect, by binding to FIH-1. Since this effect is
considered to be beneficial for cancer cells, the interaction is a
promising target for cancer therapy. However, previous
research has suggested that the interacting region of Mint3
with FIH-1 is intrinsically disordered, which makes investiga-
tion of this interaction challenging. Therefore, we adopted
thermodynamic and structural studies in solution to clarify the
structural and thermodynamical changes of Mint3 binding to
FIH-1. First, using a combination of circular dichroism, nuclear
magnetic resonance, and hydrogen/deuterium exchange–mass
spectrometry (HDX-MS), we confirmed that the N-terminal
half, which is the interacting part of Mint3, is mostly disor-
dered. Next, we revealed a large enthalpy and entropy change
in the interaction of Mint3 using isothermal titration calo-
rimetry (ITC). The profile is consistent with the model that the
flexibility of disordered Mint3 is drastically reduced upon
binding to FIH-1. Moreover, we performed a series of ITC
experiments with several types of truncated Mint3s, an effec-
tive approach since the interacting part of Mint3 is disordered,
and identified amino acids 78 to 88 as a novel core site for
binding to FIH-1. The truncation study of Mint3 also revealed
the thermodynamic contribution of each part of Mint3 to the
interaction with FIH-1, where the core sites contribute to the
affinity (ΔG), while other sites only affect enthalpy (ΔH), by
forming noncovalent bonds. This insight can serve as a foot-
hold for further investigation of intrinsically disordered re-
gions (IDRs) and drug development for cancer therapy.

Cancer is a major cause of death worldwide. Thus, the
development of its treatment is of great interest in various
research areas, including molecular targeted therapies.
Although the types of cancer vary widely and a large part of the
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complex mechanism remains unclear, some common factors
or phenomena could serve as promising targets for drug
development. The Warburg effect is one of the phenomena
that are considered to play a pivotal role in the survival and
proliferation of tumor cells. It is characterized by increased
aerobic glycolysis, even in the presence of abundant oxygen,
which is frequently observed in malignant tumor cells. Since
the glycolytic approach of energy production is less efficient in
terms of ATP production than oxidative phosphorylation,
which is the primary pathway of ATP production in most
normal cells, the preference for aerobic glycolysis is assumed
to have some implications on the differentiation between
cancer cells and normal cells. Although the benefits of the
Warburg effect for cancer cells are still unclear, numerous
proposals have been made in the past decades, based on
intensive research (1, 2). The possible explanations are an
adaptation to hypoxia, which is the condition that most cancer
cells confront, and/or acceleration of production of building
blocks required for cell proliferation, which are provided as by-
products of glycolysis. The mechanisms of the Warburg effect
are also being gradually revealed along with the investigation
of these functions. Hypoxia-inducible factor-1 (HIF-1) is a key
transcription factor that regulates the expression of genes
necessary for cellular responses to hypoxic conditions. The
major examples of the proteins expressed from these genes
include vascular endothelial growth factor, erythropoietin,
glucose transporters, and several glycolytic enzymes such as
phosphoglycerate kinase 1.

HIF-1 is composed of α and β subunits, and its transcrip-
tional activity is regulated by factor inhibiting HIF-1 (FIH-1),
an asparaginyl hydroxylase that prevents HIF-1α binding to
p300/CBP through modification of the Asn803 residue. Since
the enzymatic activity of FIH-1 requires Fe (II) and α-keto-
glutaric acid (αKG), the regulation of HIF-1 is known to be
oxygen-dependent. However, Sakamoto and Seiki (3) identified
another factor, Mint3, a member of the X11 protein family,
which controls the suppression activity of HIF-1 by FIH-1.
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Biophysical analysis of interaction between Mint3 and FIH-1
Previous research by Sakamoto and Seiki (3) showed that
Mint3 binds to FIH-1 through its N-terminal portion and in-
hibits the regulatory activity of FIH-1 by competing with HIF-
1α. Accordingly, the protein–protein interaction (PPI) be-
tween Mint3 and FIH-1 is one of the critical pathways that
enhances the activity of HIF-1, which is followed by a
metabolic effect that is beneficial for cancer cells. Therefore,
Mint3-FIH-1 PPI is a promising target for the development of
cancer therapies.

Previous research has implied that the N-terminal region of
Mint3 is the binding site of FIH-1 (3). It is noteworthy that the
comprehensive protein sequence and functional database
(UniProt) predicts that there are no secondary structures in
the N-terminal region of Mint3 (UniProt: O96018). Although
it is traditionally assumed that the function of a protein
originates in its three-dimensional structure, many intrinsi-
cally disordered proteins (IDPs) and IDRs have recently been
identified to be biologically functional (4–7). Moreover, most
of these biological functions are activated by PPIs between
IDPs/IDRs and their binding partners. Here, we hypothesized
that the intrinsically disordered part of Mint3 has some core
sites generating its inhibitory function for FIH-1. However,
owing to the difficulties in analyzing the structural dynamics
of IDPs/IDRs, clarification of the molecular mechanisms of
their PPIs is still challenging. To test our hypothesis, we
adopted a truncation approach, which is presumed to be
effective for the IDP and performed a series of physico-
chemical analyses to clarify how Mint3 binds FIH-1 at a
molecular level.
Results

Intrinsically disordered N-terminal region of Mint3

Mint3, also known as X11γ/APBA3, belongs to the X11
protein family. Although the remaining two members, Mint1/
X11α/APBA1 and Mint2/X11β/APBA2, are neuronal pro-
teins, Mint3 is ubiquitously expressed (8). All three X11s have
a conserved C-terminal half that is composed of a
phosphotyrosine-binding (PTB) domain, which is known to
be the binding site of amyloid precursor protein (APP), and
two PDZ domains (Fig. 1A). However, their N-terminal halves
are variable. Although both Mint1 and Mint2 have an
N-terminal binding site to munc18-1, which is a neural pro-
tein involved in synaptic vesicle exocytosis, Mint3 does not
have one (3, 9). Instead, the N-terminal region (1–214) of
Mint3 is reported to mediate binding to FIH-1 (Fig. 1A),
although it has been predicted to be intrinsically disordered
according to its primary structure in the UniProt database (3).
To characterize the structure of the involved region, we
expressed the N-terminal fragment (1–214) of Mint3 (here-
after called Mint3NT) and performed a series of structural
analyses in solution.

Circular dichroism (CD) experiments were performed to
measure the composition of the secondary structure of
Mint3NT. Consequently, a negative peak at 200 nm, which is
the hallmark of the random coil, was observed, and significant
peaks that originate in secondary structures, especially α-
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helices and β-sheets, could not be observed (Fig. 1B). The
result is suggesting that the isolated N-terminus of Mint3 is
mostly composed of a random coil (10). Following that, dif-
ferential scanning calorimetry (DSC) was performed to analyze
the protein folding of Mint3NT. No significant peak caused by
the collapse of the higher-order structure was observed in the
thermal denaturation experiment (Fig. S1).

To determine the structural molecular details of the
N-terminal regions of Mint3, hydrogen/deuterium exchange–
mass spectrometry (HDX-MS) and nuclear magnetic reso-
nance (NMR) spectroscopy were conducted. In the HDX-MS
analysis, the exchange events are mediated by the conforma-
tional fluctuation of the protein. The exchange rate of amide
hydrogen is influenced by the formation of a hydrogen bond,
pH, and to a minor degree the temperature (11, 12). In this
experiment, the deuteration processes were performed under
the condition that the pH and the temperature are well
controlled, so that we can focus on the influence of the for-
mation of a hydrogen bond. Therefore, the amide hydrogen of
an extended/flexible region will be replaced by solvent
deuterium at a higher rate, as compared with that of a folded/
rigid region. In fact, the exchange rates of the whole Mint3NT
were observed as an immediate saturation in the deuteration
level, suggesting an intrinsically disordered state in solution
(Figs. 1C and S2A, Table S1A). This is also supported by the
NMR analysis. We measured the 1H-15N HSQC spectrum of
Mint3NT and found that the dispersion of resonance peaks
was very poor particularly along the 1H-axis, suggesting the
absence of strong hydrogen-bonding interactions (Fig. 1D).
Furthermore, the superposition of two HSQC spectra sepa-
rately recorded for the fragment proteins of Mint3NT
(Mint3(1–117) and Mint3(101–214)), Figure 1E reproduced
the spectrum of whole protein (Mint3NT) very well, suggest-
ing the absence of significant interaction between the N- and
C-terminal regions of Mint3NT. However, a careful exami-
nation of the spectra revealed a slight change in the chemical
shift values between the full length of Mint3NT
(Mint3(1–214)) and fragment proteins (Mint3(1–117) or
Mint3(101–214)) for several peaks. Based on the resonance
assignment of Mint3(1–117), these exceptional residues were
located at the terminal region of the fragment protein (residues
110–117), suggesting that the effect of cleavage of peptide
bond was highly localized.

It should also be worth to mention here that the linewidth of
each peak was very sharp even though the spectra were
recorded at low temperature (4 �C), as is the case often
observed for highly disordered proteins. In addition, the res-
onances derived from the side chains of three tryptophan
residues were well resolved at (10 ppm, 130 ppm). All these
results suggested that Mint3NT is mostly unstructured in
solution. Also, we considered that truncation of Mint3NT is an
effective methodology for the following detailed interaction
analysis.

We also performed a titration experiment of 15N-labeled
Mint3NT by unlabeled FIH-1 and found that the peak in-
tensities for many residues were remarkably decreased in a
concentration-dependent manner (Fig. S3). At the same time,



Figure 1. Molecular information of Mint3. A, Mint3 constructs used in this study. B, CD spectrum of Mint3NT. C, HDX-MS chart of Mint3NT.
D and E, comparison of the 1H-15N HSQC spectra of Mint3NT (D) and the superposition (E) of the fragment proteins of Mint3NT, corresponding to the N-
terminal half (Mint3(1–117) in blue) and the C-terminal half (Mint3(101–214) in red). All spectra were recorded under nearly physiological conditions at
pH 7.3 and 4 �C.

Biophysical analysis of interaction between Mint3 and FIH-1
the opposite cases were also found, in which neither chemical
shift value nor peak intensity was changed significantly by the
addition of unlabeled FIH-1. These observations suggest
that the interaction between 15N-Mint3NT and FIH-1 is
site-specific. The assignment of the NMR resonances and the
residue-specific identification of the interaction site will be
published elsewhere (Maeda et al., in preparation).
Physicochemical properties of the interaction

Sakamoto and Seiki (3) identified Mint3NT as a construct
that is sufficient for binding to FIH-1 in immunological assays.
We performed a couple of thermodynamic analyses on the
interaction between Mint3 and FIH-1 using isothermal titra-
tion calorimetry (ITC), to confirm the interaction quantita-
tively. The Mint3 constructs used in these experiments were
Mint3PTB (1–361), which contains the PTB domain within
the C-terminal half, and Mint3NT. Exothermic interactions
were observed for both the Mint3s. Moreover, the thermody-
namic parameters [the binding free energy (ΔG), binding
enthalpy (ΔH), and binding entropy (−TΔS)] were the same for
Mint3PTB and Mint3NT, within the error range (Figs. 1A and
2, A and B). The PTB domain did not contribute significantly
to Mint3NT binding. Thus, we regarded that the Mint3NT
J. Biol. Chem. (2021) 297(5) 101304 3



Figure 2. Thermodynamic profiles of the interaction between truncated Mint3s and FIH-1. A, ITC profiles of Mint3PTB and Mint3NT binding to FIH-1. B,
thermodynamic parameters of the interactions between FIH-1 and Mint3. C, deletion mutants of Mint3NT. D, thermodynamic parameters of the interactions
between FIH-1 and deletion mutants of Mint3NT.

Biophysical analysis of interaction between Mint3 and FIH-1
construct was of sufficient length in the context of binding to
FIH-1. Of note, the binding of Mint3NT to FIH-1 produced a
large change in enthalpy (ΔH = −32.2 ± 0.7 kcal mol−1) and
entropy (−TΔS = −23.6 ± 0.8 kcal mol−1) (Fig. 2B). This phe-
nomenon can be interpreted by entropy–enthalpy compensa-
tion, namely (i) the large negative ΔH suggests the formation
of a large number of intra- and intermolecular bonds, and (ii)
the large positive −TΔS reflects the loss of conformational
flexibility of Mint3NT through the interaction. Additionally,
the binding stoichiometry (N value) for Mint3NT was esti-
mated as 0.48 ± 0.02. Since in the ITC experiment, Mint3 and
FIH-1 were loaded into the syringe and cell, respectively, this
number suggests that the binding molar ratio between Mint3
and FIH-1 is 1:2. To confirm the oligomerization state of FIH-
1, size-exclusion chromatography (SEC) and SEC–multiangle
laser scattering (SEC-MALS) measurements were conducted.
In the SEC measurement, the chromatogram showed a single
peak at the elution volume of the molar mass of the FIH-1
dimer. The SEC-MALS measurement also provided a chro-
matogram with a single peak, and the measured molar mass
was approximately 80 kDa, which is consistent with that of the
FIH-1 dimer (Fig. S4). Notably, although the concentration of
FIH-1 used in SEC-MALS (�70 μM) was approximately ten
times greater than that of SEC (�7 μM), the results suggested
that most FIH-1 forms a dimer under both the conditions.
Considering that the concentration of FIH-1 used in the ITC
measurement (30 μM) was between these two concentrations,
it was clear that FIH-1 presented as a dimer uniformly.
4 J. Biol. Chem. (2021) 297(5) 101304
Therefore, the stoichiometry can be interpreted to indicate
that one Mint3 binds to a dimer of FIH-1.

The abovementioned structural analysis depicted the
intrinsically disordered state of isolated Mint3NT, and the
thermodynamic parameters of the interaction suggested a loss
of conformational flexibility for Mint3NT in a complex with
FIH-1. CD analysis was further performed to determine
whether Mint3NT forms secondary structures through this
interaction. We compared the spectrum obtained from the
Mint3NT-FIH-1 complex with a theoretical spectrum gener-
ated by merging the spectra of isolated Mint3NT and FIH-1
(Fig. S5). As both the spectra were similar, Mint3NT did not
seem to form secondary structures through binding to FIH-1,
suggesting that a significant conformational change was not
observed, at least at the level of the secondary structures.
Thermodynamic/kinetic contribution of each part of Mint3NT
to the interaction

In a previous study, the 101 to 110 region within Mint3NT
was identified as a core region responsible for its binding to
FIH-1 (13). Accordingly, it is hypothesized that Mint3NT can
be divided into the binding and nonbinding sites. To clarify the
contribution of each part of Mint3NT, especially in quantita-
tive terms, we performed a series of thermodynamic analyses
for several truncated and mutated versions of Mint3NT using
ITC (Fig. 2, C and D). Some constructs (1–117, 1–92, 93–117,
Mint3NTmut) were observed in the exothermic reactions. The
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N values of these truncated mutants were also around 0.5,
suggesting that they bind to a dimer of FIH-1, similarly to
Mint3NT.

A short peptide of Mint3 (93–117) containing the predicted
core region (101–110) was observed in the ITC measurement,
and its ΔG was calculated to be −7.5 ± 0.1 kcal mol−1, based on
the measured equilibrium dissociation constant (KD = 3.0 ±
0.6 μM). Next, alanine mutations were introduced into the
peptide 93 to 117 (GLLSAEAGRD → AAASAAAGRD,
93–117mut), since this Alanine mutant is the sequence that
was designed in the past and had successfully lost the activity
(13). The interaction was found to be completely disrupted.
Notably, the introduction of the same mutations into the
whole Mint3NT (Mint3NTmut) weakened the binding (KD =
1.31 μM, ΔH = −13.9 kcal mol−1, −TΔS = 5.9 kcal mol−1), but
did not disrupt the interaction completely (Fig. S6). Thus, we
considered that the predicted region (101–110) was just one of
the binding sites.

After confirming that Mint3 has a binding site at 101 to
110, further truncation analyses were conducted. First, the
N-terminal half (1–117) of Mint3NT, which contains the
binding site (101–110), also exhibited significant exothermic
interaction with FIH-1. The measured KD was 0.65 ±
0.07 μM, and the calculated ΔG was the same (within error)
with Mint3NT. Notably, the measured ΔH for the N-terminal
half of Mint3NT was approximately half of that for Mint3NT
Figure 3. Molecular and interaction data of FIH-1 L340R. A, SEC profiles o
between HDX-MS charts for FIH-1 WT and L340R. D, ITC profile of the interac
(Fig. 2, C and D). Next, a Mint3 fragment (1–92) that lacked
the binding site (101–110) was constructed. Remarkably,
although the fragment (1–92) displayed a significant decrease
in exothermic interaction, it retained its binding ability to
FIH-1 (Fig. 2, C and D, and Table S2). Therefore, we hy-
pothesized that the N-terminal half (1–117) of Mint3NT is
sufficient to generate affinity (ΔG), and that the C-terminal
half (111–214) does not contribute to ΔG because its
contribution to ΔH is canceled by −TΔS. Furthermore, there
is at least one more binding site in the 1 to 92 region of
Mint3. Thus, we found the following characteristics of the
binding process from the ITC experiments: (i) One dimer of
FIH-1 binds to one Mint3NT monomer; and (ii) there are
other interaction sites in Mint3NT, apart from Mint3
(93–117).
Role of the dimer interface of FIH-1

According to the binding stoichiometry measured with ITC,
Mint3NT binds to a dimer of FIH-1. Thus, we hypothesized
that the pivotal binding site of FIH-1 is located around the
dimer interface, from the standpoint of symmetry. Although
FIH-1 monomers strongly interact with each other by meshing
their hydrophobic C-terminal helices, the substitution of
Leu340 for arginine is known to disrupt the dimerization (14).
Hence, a single-point mutant FIH-1L340R was constructed to
f FIH-1 WT and L340R. B, CD spectra of FIH-1 WT and L340R. C, differences
tion between FIH-1 L340R and Mint3NT.

J. Biol. Chem. (2021) 297(5) 101304 5
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examine the role of the dimer interface (Fig. S7). As expected,
FIH-1L340R was mostly eluted in the monomeric fraction in
SEC (Fig. 3A).

To examine the conformational identity between the wild-
type and monomeric mutant, CD measurements and differen-
tial scanning fluorometry (DSF) were conducted. In CD mea-
surements, a recession of α-helicity was observed for the
monomeric mutant. In quantitative terms, α-helix decreased by
5.4% and random-coil increased by 5.8%, whereas β-sheet and
turn were practically unchanged. These results suggest that the
mutation may disturb the structure of FIH-1, especially the α-
helices (Fig. 3B). In DSF, the monomeric mutant showed lower
thermal stability than the wild-type, and notably, the baseline
level of themonomeric mutant was higher than that of the wild-
type (Fig. S8). Because SYPRO Orange, which is a protein dye
used in the DSF experiment, binds nonspecifically to the hy-
drophobic surface and emits fluorescence, the elevated baseline
is likely to represent the exposure of the hydrophobic dimer
interface of FIH-1L340R. Additionally, HDX-MS was applied to
depict the structural differences between the wild-type and
monomeric mutant in detail. The difference in the deuteration
level was observed only around the C-terminal α-helices,
namely the dimer interface (Figs. 3C and S2B, Table S1B). Ac-
cording to the results of CD, DSF, and HDX-MS, the substitu-
tion of Leu340 for arginine can interrupt the dimerization, by
loosening the interfacial α-helices, and the effect on the struc-
ture is limited to the periphery of the dimer interface.

Subsequently, binding analysis was performed using ITC,
and significant disruption of the binding to Mint3NT was
observed for FIH-1L340R. Notably, the binding free energy
(ΔG) decreased significantly (Figs. 2, A and B and 3D). Since
the L340R mutation only affects the dimer interface according
Figure 4. Effects of FIH-1 cofactors on binding to Mint3NT and FIH-1 stru
between FIH-1 and Mint3NT, in the presence/absence of αKG and/or EDTA. C, d
αKG. D, structural image of FIH-1, with the differences in HDX-MS data shown
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to the HDX experiment, we concluded that the disruption of
interaction was caused by the structural change in the dimer
interface. Therefore, it is clear that the dimer interface of FIH-
1 plays a critical role, namely in terms of contribution to the
ΔG in the interaction with Mint3.
Regions of FIH-1 involved in the interaction

Oxygen-dependent regulation of HIF-1 activity is known to
be mediated by the hydroxylation of Asn803 at its HIF-1α
subunit. This modification is accomplished by the catalytic
activity of FIH-1 as an asparaginyl hydroxylase. FIH-1 has a
catalytic center, Fe(II), in its β-strand jellyroll core with its
cosubstrate αKG. Hence, FIH-1 is categorized into the Fe(II)-
and αKG-dependent dioxygenases (15). Since previous
research suggested that Mint3 inhibits the regulatory activity
of FIH-1 by competing with HIF-1α in the PPI, we hypothe-
sized that the catalytic pocket, an obvious binding site of
HIF-1α, may be involved in the interaction with Mint3 (3).
First, ITC measurements were performed to examine the effect
of the cofactors on the interaction between FIH-1 and
Mint3NT. The absence of Fe(II) and αKG reduced the ΔG by
0.5 and 0.7 kcal mol−1, respectively, and the decrease in ΔG
caused by the elimination of both cofactors (1.3 kcal mol−1)
was approximately the sum of each value (Fig. 4, A and B).
According to the values, each cofactor is not critical but is
certainly involved in the interaction. In addition, as the effect
on ΔG is additive, it is likely that each cofactor independently
affects the binding affinity. Moreover, αKG influenced the ΔH,
whereas Fe (II) did not (Fig. 4, A and B). Therefore, we
assumed that the cofactors, especially αKG, may stabilize the
conformation of FIH-1 that binds to Mint3.
cture. A, ITC profiles and B, thermodynamic parameters of the interaction
ifferences between HDX-MS charts for FIH-1, in the absence and presence of
in blue (PDB ID: 1MZF).
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Next, HDX-MS was performed against FIH-1 ± αKG, to
further investigate its effect on the structure of FIH-1. Upon
comparing the deuteration levels of the apo- and holo-forms of
FIH-1, a significant difference was observed in several regions
(Figs. 4C and S2C, Table S1C). Merging the results of HDX-
MS and the crystal structure revealed that some of the var-
ied regions were around the binding site of αKG, namely the
predescribed catalytic pocket. However, it was also discovered
that αKG affects not only its binding site, but also its adjacent
helical region located at the outer edge of the FIH-1 dimer
(Fig. 4D). Subsequently, HDX-MS was conducted against FIH-
1 ± Mint3NT, to detect the binding site. As a result, the region
in FIH-1, the deuteration level of which was shown to be
affected by the presence of Mint3NT, corresponded to the
αKG-related site (Figs. 5, A and B and S2D, Table S1D).
Accordingly, the corresponding region, namely the outer he-
lices (hereafter called the HDX region), is likely to be involved
in the interaction with Mint3NT. Meanwhile, it should be
noted that there was no information about the dimer interface
because it is buried and intrinsically hard to deuterate.

To validate the role of the HDX region, mutation analysis
was performed using ITC. Six amino acids within the HDX
region (Tyr71, Lys75, Glu79, Asp152, Lys157, and Asn171)
were selected based on their orientation and polarity and
replaced with Ala. In addition, three amino acids (Glu29,
Asp248, and Glu250) apart from the HDX region were
replaced with Ala, as negative controls (Fig. 5B). The ther-
modynamic parameters of binding to Mint3NT were
Figure 5. Sites of FIH-1 involved in the interaction with Mint3NT. A, diffe
Mint3NT. B, mutation sites of FIH-1 (top, whole structure showing HDX areas
image focusing on the blue area; PDB ID: 1MZF). C, thermodynamic paramete
measured three times for each FIH-1 mutant, and the stan-
dard deviation was calculated as the experimental error. In
terms of the ΔG, there was no significant difference between
the mutants, including the negative controls. On the other
hand, the ΔH commonly decreased by approximately
3 kcal mol−1 for most of the mutants. According to the result
of the negative control, the �3 kcal mol−1 decrease in ΔH was
probably an experimental error caused by the mutation.
However, D152A and K157A showed a significant decrease of
approximately 8 kcal mol−1, which was larger than
3 kcal mol−1 (Fig. 5, B and C). Notably, the CD spectra of each
mutant suggested that even a single mutation in FIH-1 may
affect its structure, but the magnitude of the structural change
did not correlate with the decrease in ΔH (Fig. S9). Therefore,
a common decrease in ΔH can be expressed by structural
fluctuations. However, the ΔH decrease caused by D152A and
K157A is possibly caused by their interaction with Mint3NT.
In conclusion, there is a possibility of the HDX region of FIH-
1 being involved in the interaction with Mint3 without
contribution to ΔG.
Identification of the other binding site in Mint3NT

Although the 101 to 110 region was confirmed to be a
pivotal binding site, there is presumably another binding site
that exists within the N-terminal half (1–117) of Mint3NT. To
identify the other predicted binding sites, we performed HDX-
MS for isolated Mint3NT (apo-form) and Mint3NT-FIH-1
rences between HDX-MS charts for FIH-1 in the absence and presence of
in red; middle, structural image focusing on the red area; bottom, structural
rs of the interactions between Mint3NT and mutants of FIH-1.

J. Biol. Chem. (2021) 297(5) 101304 7
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complex (holo-form), since the HDX-MS experiment can
provide structural information in peptide-scaled resolution.
First, to examine whether the HDX-MS system is feasible for
detecting the binding site of Mint3NT, the results of the
peptides that contain the known binding site (101–110) were
used as a positive control. For instance, as expected, the pep-
tides IADAHGLLSAEAGRDDL (96–112) and AGRDDLLGL
(107–115) exhibited a significant difference in the deuteration
level between the apo- and holo-states. Moreover, the apo- and
holo-states of the peptide PEEPPAGAQSPE (184–195), which
is located in the C-terminal half of Mint3NT, did not differ in
terms of deuteration levels. This result is consistent with the
speculation that the C-terminal half of Mint3NT does not
contribute to the binding to FIH-1 (Figs. 6A and S2E,
Table S1E). To confirm system reliability, other peptides
within the N-terminal half of Mint3NT were also investigated.
An obvious difference in the deuteration level between the
apo- and holo-states was observed for the peptides lying
immediately before the known binding site, for example,
LVGPSPGGAPCPLHIATGHGLASQE (71–95) (Fig. 6A). To
determine the exact region that is important for binding, the
amino acid sequence of human Mint3 was compared with that
Figure 6. Novel binding site of Mint3NT. A, HDX-MS profiles of Mint3NT pep
sequence of Mint3NT among animal species, and amino acid sequence of Mint3
D, thermodynamic parameters of Mint3(93–117) and Mint3(78–117). E, amino
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of mouse, rat, bovine, dog, and chicken. Consequently, a well-
conserved region (78–88) was found within the peptide of
concern. Following that, a new mutant of Mint3NT was con-
structed by altering five amino acids with a large side chain to
alanine within the species-common region (hereafter called
Mint3mut2) (Fig. 6B). In the binding analysis using ITC, a
remarkable decrease in binding affinity was observed for
Mint3mut2, as compared with Mint3NT (Fig. 6C). In addition,
a short fragment (78–117) of Mint3NT containing both the
detected binding sites was constructed. Compared with the
predescribed peptides 93 to 117, there was an increase in the
binding affinity of peptides 78 to 117, owing to the presence of
a newly detected binding site (Fig. 6, D and E). To confirm the
defect of interaction with FIH-1 in the full-length mutant
Mint3 with the five alanine substitutions in the 78 to 88 amino
acid region (Mint3mut2) within cells, FLAG-tagged FIH-1 was
expressed in 293FT cells along with either V5-tagged wild-type
Mint3 (WT-Mint3) or Mint3mut2 (Fig. 7A). Immunoprecipi-
tation of FLAG-tagged FIH-1 coprecipitated V5-tagged Min-
t3mut2 much less than WT-Mint3. Thus, the conserved amino
acids of Mint3 in the 78 to 88 amino acid region are essential
for binding to FIH-1 even within cells. Mint3 binds to FIH-1
tides, in the absence and presence of FIH-1. B, comparison of the amino acid
mut2. C, ITC profiles of the interaction between FIH-1 and Mint3NT mutants.
acid sequences of Mint3(93–117) and Mint3(78–117).



Figure 7. Confirmation of the role of novel binding in cells. A, immunoblotting using mouse anti-V5 antibody and rabbit anti-FLAG polyclonal antibody
in 293FT cells. Left side is a sample of the whole cell lysate, while right side is the sample immunoprecipitated using an anti-FLAG polyclonal antibody. B,
reporter assay expressed vector alone, wild-type Mint3, or Mint3mut2 in 293FT cells. Left side is the immunoblotting data of the whole cell lysate using an
anti-V5 antibody, while right side is the data for the luciferase activities.

Figure 8. The interaction model between FIH-1 and Mint3NT, as
inferred from this study. The three-dimensional structure is that of FIH-1
dimer, while the string-like illustration is a schematic for Mint3NT (PDB ID:
1MZF).

Biophysical analysis of interaction between Mint3 and FIH-1
and thereby activates HIF-1α transactivation activity (3, 16).
Thus, to confirm the effect of the Mint3 mutation on the
regulation of HIF-1α, we used a luciferase reporter assay that
can specifically monitor FIH-1-mediated regulation of HIF-1α
transactivation activity as described previously (3, 17).
Expression of WT-Mint3 increased the HIF-1α transactivation
activity by more than 3500% in 293FT cells, while that of
Mint3mut2 increased it by only 500% even though Mint3mut2
was expressed at the comparable levels to WT-Mint3 in 293FT
cells (Fig. 7B). Thus, the conserved amino acids of Mint3 in the
78 to 88 amino acid region are also important for activating
HIF-1α transactivation activity in cells. Accordingly, we
concluded that the 78 to 88 region is a major binding site in
Mint3NT. Unfortunately, the peptides 78 to 88 were too
poorly water-soluble to be synthesized and evaluated in vitro.

Description of the Mint3-FIH-1 complex

Through thermodynamic analysis using ITC and structural
analysis using HDX-MS, we made four main observations: (i)
Mint3 has two core regions (77–87 and 101–110), which
contribute to its ΔG to FIH-1. (ii) The interfacial structure of
the FIH-1 dimer plays a critical role in the interaction with
Mint3. (iii) The regions of Mint3 other than the cores are not
involved in the ΔG, while they do affect the ΔH. (iv) Some
amino acids (Asp152 and Lys157) in the outer helices of the
FIH-1 dimer do not contribute to the ΔG, but contribute to
the ΔH. Based on these results, we generated a model of the
Mint3-FIH-1 complex, composed of “binding” part and
“touching” parts (Fig. 8). Here, the “binding” parts indicate the
parts contributing to the ΔG, and “touching” parts represent
the parts involved in the interaction by affecting the ΔH,
J. Biol. Chem. (2021) 297(5) 101304 9
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rather than the ΔG. In the “binding” part, the core regions
(77–87 and 101–110) of Mint3 are interacting with the dimer
interface of FIH-1, reflecting their critical roles in the ΔG. On
the other hand, the “touching” parts are composed of 1 to
76/111 to 214 of Mint3 and the outer helices of FIH-1 dimer,
indicating that both of them contribute to producing balanced
favorable enthalpy and unfavorable entropy through the
interaction.

To confirm that the description was physically possible, we
estimated the molecular size of the proteins. The scale of FIH-
1 was obtained from its crystal structure, by measuring the
distance between the outer helix (Lys157) and the center of the
dimer interface (Leu340), which represents the semimajor axis
of the FIH-1 dimer. As a result, the value was estimated at
57.0 Å (Fig. S10). Meanwhile, the radius of gyration Rg of
Mint3NT (1–214) can be estimated by Rg = R0*N

ν with R0 =
0.1927 nm and ν = 0.598 ± 0.028, where N represents the
number of the amino acids (18). Thus, the approximated
diameter of free Mint3NT, namely 2* Rg is 95.4 Å, which
suggests that free Mint3NT is a little smaller than FIH-1. As
Supporting information, the fully extended lengths of 1 to 76
and 111 to 214 regions of Mint3NT were estimated at 273.6 Å
and 374.4 Å, respectively, according to the average end-to-end
distance of one amino acid (3.6 Å) (19–22). Comparing the
physical size of the two proteins, Mint3NT is possible to “bind”
to the dimer interface and “touch” at the outer helix of the
FIH-1 simultaneously, while it needs to be extended a little
through the interaction.
Discussion

Mint3 is a member of the X11 protein family that has
conserved C-terminal domains, such as the binding site of APP
and unique N-terminal domains (23, 24). Previous research
has demonstrated that the N-terminal half of Mint3 binds to
FIH-1 and acts as an activator of the HIF-1 pathway, which is
involved in cellular responses to hypoxia and leads to the
proliferation or metastasis of cancer cells (4, 13). However, the
conformation and mechanism of the interaction between
Mint3 and FIH-1 remain unclear. Thus, using CD, HDX-MS,
and NMR analyses, we first demonstrated that the N-termi-
nal portion, which is the functional part of Mint3, is highly
disordered in its isolated form. This result is consistent with
the emerging knowledge of IDRs. In particular, their biological
roles include signal transfer, regulation, transcription, and
replication (25, 26).

In general, many IDRs undergo transitions to more ordered
or folded states upon binding to their targets, to execute their
biological functions. The kinase-inducible transcriptional
activation domain (KID) of cyclic AMP response element-
binding protein (CREB) is one of the most characterized ex-
amples (25, 27, 28). Although KID is intrinsically disordered, it
forms an orthogonal helix by binding to the CREB-binding
protein (CBP) (29). However, although the unfavorable en-
tropy suggested a loss of flexibility in binding to FIH-1,
coupled folding and binding could not be observed upon CD
measurement of Mint3NT. Therefore, we presumed that a
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truncation approach is feasible and effective for characterizing
the PPI between Mint3NT and FIH-1.

To characterize the binding, we conducted thermodynamic
and structural analyses using ITC and HDX-MS, respectively,
since the classical approaches, particularly crystallographic
methods, have little relevance for a mostly disordered protein
such as Mint3NT. Although these methods cannot directly
visualize the interaction, we succeeded in identifying the re-
gions involved in the interaction, “binding” and “touching”
sites, and revealing their different roles in thermodynamics, as
mentioned above (Fig. 8). The “binding” sites of the dimer
interface of FIH-1 for 78 to 88 and 101 to 110 regions of
Mint3NT, which represent the regions that contribute to the
ΔG, are a usual interpretation. In particular, we proposed that
the 78 to 88 amino acids in Mint3 are a critical binding region
to FIH-1. On the other hand, the “touching” sites, which
indicate the parts that do not contribute to the ΔG but
certainly influence the ΔH, are somewhat conceptual. Some
previous reports can provide hints for interpreting the roles of
the “touching” site. Tummino et al. (30) suggest that
enhancing the enthalpic contributions of protein interactions
would likely favor slower dissociation and, hence, a longer
residence time. In addition, it has been reported IDPs/IDRs
can regulate the binding kinetics (31). Therefore, the
“touching” sites may affect the rate constant of the interaction,
although further investigation is required in this regard.

Our model for the complex of Mint3NT and FIH-1
mentioned above is a description that can consistently
explain all the results. Notably, the region between the
“binding” site and the “touching” site of Mint3 is delineated to
cover the biding pocket of αKG in FIH-1. This model is
consistent with the fact that Mint3 abrogates the ability of
FIH-1 to modify HIF-1α, by competing with HIF-1α to bind to
the αKG binding site of FIH-1 (3). Although the detailed
conformation of Mint3 needs to be determined directly using
some experimental methods, this model can provide us insight
into the suppression mechanism of Mint3 toward HIF-1
binding to FIH-1.

In addition, the detailed binding mechanism can be used as
a guide for drug development in cancer therapy. According to
the Mint3-FIH-1 complex model, there are two possible
strategies for disturbing the suppression activity of Mint3. The
first strategy is to aim at a critical site of binding affinity, which
in this case is the “binding” site, as it seems to be more effective
in inhibiting the interaction with FIH-1. The second strategy is
to focus on the “touching” site, to prevent Mint3 from covering
the αKG-binding site. The merit of the second scenario is that
the inhibitor with lower affinity may still be effective in this
case, as compared with the case with aiming at the “binding”
site.

In conclusion, we found that the N-terminal region of Mint3
has properties corresponding to IDRs, and that this region
interacts with FIH-1 in an enthalpy-driven manner. Using
Mint3nt mutants, we suggest that the core region of Mint3
binds to FIH-1 in such a way that a single molecule rests on
the FIH-1 dimer interface. We have elucidated the structural
and thermodynamic features of how Mint3 suppresses FIH-1,
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and this insight can serve as a foothold for further investigation
of IDRs and drug development for cancer therapy.

Experimental procedures

Recombinant protein expression and purification

The coding sequence for human Mint3NT (1–214) with a
C-terminal hexa-histidine (His6) tag, and human FIH-1 (full-
length) with an N-terminal His6 tag and cleavage site
(ENLYFQ) of TEV protease were inserted into the pET28
vector. The plasmids were transformed into BL21 (DE3) cells
and cultured at 28 �C in Luria broth medium containing
50 μg/ml kanamycin. M9 minimal medium containing
0.5 g/l 15NH4Cl was used for the preparation of uniformly
15N-labeled protein. Protein synthesis was induced by the
addition of 1 mM Isopropyl β-D-1-thiogalactopyranoside
(IPTG) to the culture, when its optical density at 600 nm
reached a value of �0.6, and further culturing at 20 �C for
16 h. Cells were harvested by carrying out a round of
centrifugation at 7000g for 10 min and disrupted by soni-
cation in a binding buffer composed of 20 mM Tris-HCl (pH
8.0), 500 mM NaCl, and 5 mM imidazole. The lysates were
centrifuged at 40,000g for 30 min, following which the su-
pernatants were loaded onto a Ni-NTA Agarose (Qiagen)
column that had been pre-equilibrated with the binding
buffer. The column was washed with 20 column volumes of
wash buffer composed of 20 mM Tris-HCl (pH 8.0), 500 mM
NaCl, and 20 mM imidazole. His6-tagged Mint3NT and
His6-tagged FIH-1 were eluted with 10 ml of an elution
buffer composed of 20 mM Tris-HCl (pH 8.0), 500 mM
NaCl, and 200 mM imidazole. The His6 tag of FIH-1 was
cleaved using His6-tagged TEV protease. Mint3NT was pu-
rified using SEC with a HiLoad 26/60 Superdex 200 pg or 75
pg column (GE Healthcare) at 4 �C. The monomer fraction
was collected from the purification. FIH-1 was purified using
SEC with HiLoad 26/60 Superdex 200 pg at 4 �C. The elution
profiles of both the proteins were monitored at a wavelength
of 280 nm. The mutants/fragments of Mint3 and FIH-1 were
prepared as described above.

Circular dichroism analysis

Far ultraviolet (UV) CD spectra of Mint3NT, FIH-1, and
FIH-1 mutants were measured on a J-820 spectropolarimeter
(Jasco) at 25 �C in 35 mM Na-phosphate (pH 7.5), 300 mM
NaCl, and 500 μM αKG. The concentrations of the protein
samples were maintained in the range of 5 to 10 μM, as
appropriate to keep the HT voltage under 600 V. Each spec-
trum was generated upon accumulation of five measurements.

Hydrogen/deuterium exchange–mass spectrometry analysis

Mint3NT, FIH-1, and its mutants were prepared in Na-
phosphate buffer composed of 35 mM Na-phosphate (pH
7.5) and 300 mM NaCl at a final concentration of 1.0 mg ml−1.
Each protein was diluted tenfold with Na-phosphate buffer
(the solvents are as mentioned before) in heavy water (D2O).
The diluted solutions were then incubated separately at each
time and at each low temperature as shown in Table S1.
Deuterium-labeled samples were quenched by diluting about
tenfold with quenching buffer at pH 2.3, composed of 2 M
guanidine hydrochloride and 200 mM citric acid. All of the
processes described above were performed automatically using
HDX Workflow Solution (LEAP Technologies), and all the
time points were determined in three independent labeling
experiments. After quenching, the solutions were subjected to
online pepsin digestion followed by LC/MS analysis using an
UltiMate 3000 RSLCnano System (Thermo Fisher Scientific)
connected to a Q Exactive Plus mass spectrometer (Thermo
Fisher Scientific). Online pepsin digestion was performed with
a Poroszyme Immobilized Pepsin Cartridge 2.1 × 30 mm
(Waters Corporation) in formic acid solution (pH 2.5) for
3 min at 8 �C, at a flow rate of 50 μl min−1. Desalting and
analytical processes after pepsin digestion were performed
using Acclaim PepMap 300 C18 (1.0 × 15 mm; Thermo Fisher
Scientific) and Hypersil GOLD (1.0 × 50 mm; Thermo Fisher
Scientific) columns. The mobile phase was 0.1% formic acid
solution (buffer A) and 0.1% formic acid containing 90%
acetonitrile (B buffer). The deuterated peptides were eluted at
a flow rate of 45 μl min−1, with a gradient of 10% to 90% of
buffer B for 9 min. The conditions of the mass spectrometer
were as follows: electrospray voltage, 3.8 kV; positive ion
mode, sheath and auxiliary nitrogen flow rate at 20 and two
arbitrary units; ion transfer tube temperature at 275 �C;
auxiliary gas heater temperature at 100 �C; and a mass range of
m/z 200 to 2000. Data-dependent acquisition was performed
using a normalized collision energy of 27 arbitrary units. The
MS and MS/MS spectra were subjected to a database search
analysis using the Proteome Discoverer 2.2 (Thermo Fisher
Scientific). Analysis of the deuteration levels of the peptide
fragments was performed based on the MS raw files, by
comparing the spectra of deuterated samples with those of
nondeuterated samples, using the HDExaminer software
(Sierra Analytics). Data summary for each HDX-MS was
shown in Table S1.
Nuclear magnetic resonance spectroscopy
1H-15N HSQC spectra were measured on an Avance I 600

spectrometer (Bruker BioSpin) equipped with a TXI-triple
resonance triple gradient probe at 4 �C. The sample concen-
tration was 50 μM 15N-labeled protein dissolved in 50 mMNa-
phosphate buffer (pH 7.3) containing 10% D2O. The spectra
were processed using NMRPipe (32).
Differential scanning calorimetry analysis

Thermal denaturation experiments were performed using a
Nano DSC (TA instruments). Mint3NT was dialyzed against
Na-phosphate buffer composed of 35 mM Na-phosphate
(pH 7.5), 300 mM NaCl at 4 �C for 16 h, and concentrated
to 50 μM (�1.2 mg ml−1) using Amicon Ultra-15 Centrifugal
Filter Units (EMD Millipore). The protein was loaded into the
sample cell and heated from 10 to 100 �C, at 60 �C h−1.
J. Biol. Chem. (2021) 297(5) 101304 11
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Isothermal titration calorimetry

Calorimetric titration of Mint3NT with FIH-1 was per-
formed using a MicroCal iTC200 system (GE Healthcare)
at 25 �C. Both proteins were dialyzed against Na-phosphate
buffer composed of 35 mM Na-phosphate (pH 7.5), 300 mM
NaCl, and 500 μM αKG at 4 �C for 16 h and concentrated
using Amicon Ultra-15 Centrifugal Filter Units. At each in-
jection (total 25 times), 1.5 μl of 150 μM Mint3NT solution
was added to a sample cell containing 30 μM FIH-1 solution.
All titration data were analyzed by fitting to a single set of site
models using Origin 7 (OriginLab). Calorimetric titration of
Mint3NT mutants/fragments and FIH-1 mutants was per-
formed as described above.

SEC–multiangle laser scattering

MALS was detected using DAWN8+ (Wyatt Technology).
FIH-1 was dialyzed against Na-phosphate buffer composed of
35 mM Na-phosphate (pH 7.5), 300 mM NaCl, and 500 μM
αKG at 4 �C for 16 h, and concentrated to 70 μM using
Amicon Ultra-15 Centrifugal Filter Units. The protein sample
(50 μl) was loaded into a 10/300 Superdex 200 GL (GE
Healthcare) column connected to the MALS detection unit for
SEC. During the experiment, UV detection was performed
using an SPD-10A UV/Vis Detector (Shimadzu). The obtained
data were processed and analyzed using ASTRA (Wyatt
Technology).

Differential scanning fluorometry analysis

The thermal shift assay was performed on a CFX Connect
Real-Time System (Bio-Rad). FIH-1 wild-type and L340R were
dialyzed against Na-phosphate buffer composed of 35 mM Na-
phosphate (pH 7.5), 300 mM NaCl, and 500 μM αKG at 4 �C
for 16 h, and concentrated to 10 μM using Amicon Ultra-15
Centrifugal Filter Units. One thousandth of the protein sam-
ple volume of SYPRO Orange Protein Gel Stain
(5000× concentrated in Dimethyl sulfoxide (DMSO); Invi-
trogen) was added, and the proteins containing 5× SYPRO
Orange were loaded onto Hard-Shell 96-well PCR Plates (Bio-
Rad) for measurement. The denaturation of each protein was
observed via fluorescence emitted from SYPRO Orange upon
absorption to the exposed hydrophobic surface.

Cellular analysis using immunoprecipitation and reporter
assay

293FT cells, which are derived from HEK293 human em-
bryonic kidney cells and express the simian virus large T an-
tigen, were purchased from Thermo Fisher Scientific. Cells
were cultured at 37 �C in a humidified atmosphere containing
5% CO2 in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM) (Thermo Fisher Scientific) containing 10% fetal
bovine serum, 100 units/ml penicillin, and 100 μg/ml strep-
tomycin (Merck).

pcDNA3 (Thermo Fischer Scientific) expression vectors for
V5-tagged Mint3 and FLAG-tagged FIH-1 were constructed as
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previously described (3). Expression vectors expressing mutant
Mint3 (Mint3mut2) were generated using PCR-based
methods.

Immunoprecipitation was performed as previously
described (3, 33). Briefly, 293FT cells were cotransfected with
expression plasmids encoding a V5-tagged Mint3 construct
and a FLAG-tagged FIH-1 construct using Lipofectamine
2000 (Thermo Fischer Scientific). Cells were lysed in lysis
buffer 24 h after transfection and centrifuged at 20,000g for
15 min at 4 �C. Supernatants were collected and incubated
with beads conjugated to anti-FLAG M2 antibody (Merck).
Beads were washed, and the proteins bound to them were
eluted using FLAG peptide and analyzed using immunoblot-
ting. Immunoblotting was performed as previously described
(3, 33) using mouse anti-V5 antibody (R960-25, Thermo
Fisher Scientific) and rabbit anti-FLAG polyclonal antibody
(F7425, Merck).

Reporter assays were performed as previously described,
with minor modifications (3, 34). A pGL4.35 reporter vector
containing the firefly luciferase gene, under the control of a
transcriptional regulatory unit comprising 9× Gal4-binding
elements, was purchased from Promega. A pRL vector
expressing Renilla luciferase (Promega) served as an internal
control. 293FT cells were seeded into 24-well plates at a
density of 2.5 × 104 cells/well and cotransfected with a reporter
plasmid (100 ng), internal control vector (10 ng), pcDNA3
Gal4BD-HIF-1α CAD plasmid (3, 34) (50 ng), and other
plasmids (200 ng) that expressed either vector alone, wild-type
Mint3, or Mint3mut2. Transfection was performed using
Lipofectamine 2000. Twenty-four hours after transfection,
luciferase activity was measured using the Dual-Glo Luciferase
Assay System (Promega), according to the manufacturer’s in-
structions. Luminescence was measured using a GloMax 20/20
luminometer (Promega).
Data availability

All data are available from the authors upon request. Please
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