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Abstract: The heme-regulated eukaryotic initiation factor 2α (eIF2α) kinase, also known as heme-
regulated inhibitor (HRI), detects misfolded proteins and induces cytoprotective response to stress,
mainly caused by heme-shortage. The nucleoside triphosphate ATP serves as the main donor
of phosphate for the phosphorylation of eIF2α by HRI in human cells. However, the other main
nucleoside triphosphates (CTP, GTP, UTP) are also present at relatively high concentrations, especially
in human tumor cells. Therefore, in this short communication we evaluate the role of four substrates
(namely ATP, CTP, GTP, and UTP) on human HRI kinase activity. Additionally, for the first time, we
perform a detailed kinetics study of the HRI G202S mutant, whose presence in the human lung is
associated with cancer development. Here, the role of all four tested nucleoside triphosphates during
cancer development is discussed from the point of view of the HRI activity. The results showed that
the kcat value of GTP was lower than that of ATP but was significantly higher than those of CTP
and UTP. Additionally, the kcat value of GTP for G202S was approximately 20% higher than that for
wild-type, while the kcat values of ATP, CTP, and UTP for G202S were lower than those for wild-type.

Keywords: Heme-based sensor; eukaryotic initiation factor 2α; eukaryotic initiation factor 2α kinase;
heme regulated inhibitor; intramolecular catalytic regulation; signal transduction

1. Introduction

Maintaining homeostasis during conditions of stress is a key requirement of all cells.
The termination of translation represents one method employed to survive such stresses.
Phosphorylation of the eukaryotic initiation factor 2 (eIF2) is the best-known translation
control mechanism. During stress, any of the five specific protein kinases catalyze the
phosphorylation of eIF2 on its α-subunit at Ser51, and the phosphate group is donated
from ATP bound to the stress-activated kinase enzymes [1,2].

Among the eIF2α kinases, Fe(III)-protoporphyrin IX complex (heme)-regulated in-
hibitor (HRI) [3], which is activated in response to a shortage of heme, was discovered
first. This was followed by protein kinase R, where R denotes RNA-activated (PKR). PKR
phosphorylates eIF2α in response to double-stranded RNA produced during viral repli-
cation, thereby blocking the translation of viral mRNAs, as well as in response to signals
such as oxidative and endoplasmic reticulum (ER) stress [4]. Thereafter, general control
nonderepressible 2 kinase (GCN2) was discovered and found to be activated by binding of
uncharged tRNAs, which accumulate as a result of the depletion of their cognate amino
acids [5]. The protein kinase R-like endoplasmic reticulum kinase (PERK), which is mainly
activated following the accumulation of misfolded proteins in the ER, was discovered
next [6]. Finally, the fifth kinase phosphorylating eIF2α, microtubule affinity-regulating
kinase 2 (MARK2), was discovered more recently [7].
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Heme shortage caused by inappropriate heme synthesis induces high levels of cell
stress. HRI, which is abundantly expressed in erythroid cells, becomes activated under
such conditions, preventing the accumulation of inactive (misfolded) globin with no heme
co-factor [8,9]. HRI is composed of two domains, namely, the N-terminal sensing domain
and the C-terminal kinase domain, containing a unique kinase insert region [10,11]. One
molecule of heme is bound to the full-length protein [12]. His119/His120, located in
the sensing domain, and Cys409 (part of the heme-regulatory Cys/Pro motif), located
in the kinase domain, are the axial ligands for the heme in HRI [10,11,13]. HRI has a
moderate affinity for heme, which allows it to sense the heme concentration in the cell.
Other compounds have also been found to inhibit HRI kinase activity [12,14]. Moreover,
recent studies have demonstrated the roles of HRI in cells other than reticulocytes [15],
indicating that HRI not only detects heme deprivation, but also the misfolding of cytosolic
proteins and mitochondrial defects to induce chaperones, analogous to the role of PERK
in response to ER stress/misfolding [16,17]. Aside from the response to heme shortage,
the other regulatory roles of HRI are probably associated with chaperone interactions [18]
and/or regulation of HRI autophosphorylation [19]. A previous kinetics study showed
that the HRI kinase reaction follows classical Michaelis-Menten kinetics with respect to
ATP, and sigmoidal kinetics and positive cooperativity between subunits with respect to
the protein substrate (eIF2α) [12].

ATP is the main donor of phosphate to phosphorylate eIF2α at Ser51 [12]. However,
as other nucleoside triphosphates (CTP, GTP, UTP) are also present at high concentrations
in human cells, they may also be utilized by HRI [20]. Moreover, a specific mutation of HRI,
namely G202S, has been reported to be associated with lung cancer development [21]. This
mutation is proposed to influence HRI affinity to ATP, given that the mutation position is
located close to the supposed ATP binding site, which is targeted by many HRI activators
and/or inhibitors [22].

Therefore, in this study, we sought to investigate the ways in which the main cellular
nucleoside triphosphates (ATP, CTP, GTP, and UTP) influence the kinase reaction of wild-
type (WT) human HRI and its G202S mutant.

2. Results

The various nucleoside triphosphates commonly present in human cells were com-
pared for their ability to serve as a substrate for the eIF2α kinase reaction catalyzed by
either the human HRI WT enzyme or its G202S mutant form. The time courses of the
eIF2α phosphorylation catalyzed by the HRI WT enzyme and its G202S mutant form in
the presence of various nucleoside triphosphates were similar (Figure 1A,B). However, we
observed marked differences in the kinase activities between reactions with purine nucle-
oside triphosphates (ATP, GTP; Figure 1, black and red points and lines) and pyrimidine
nucleoside triphosphates (CTP, UTP; Figure 1, green and blue points and lines), suggesting
that the purine nucleoside triphosphates play a critical role in the activity of HRI.

We next conducted a detailed kinetics analysis of the eIF2α phosphorylation by the
HRI WT and the HRI G202S mutant to determine the role, if any, of the various nucleoside
triphosphates in the catalytic process. As the kinase reaction catalyzed by HRI involves
two substrates (a nucleoside triphosphate and eIF2α), we measured the apparent kinetics
parameters for each of the tested nucleoside triphosphate substrates in the presence of
an excess of eIF2α (Figure 2A–D and Table 1). The phosphorylation of eIF2α catalyzed
by both the HRI WT enzyme and the HRI G202S mutant showed classical Michaelis–
Menten kinetics with respect to the ATP, GTP, and UTP concentration (Figure 2A–D). In
contrast, the enzyme reaction catalyzed by the HRI G202S mutant in the presence of CTP
showed sigmoidal kinetics with respect to the CTP concentration (Figure 2B, red points
and line), while the similar reaction catalyzed by the HRI WT enzyme followed classical
Michaelis–Menten kinetics (Figure 2B, black points and line).
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Figure 1. Time course of eIF2α phosphorylation catalyzed by the HRI WT enzyme (A) and the HRI 

G202S mutant (B) in the presence ATP (black), CTP (green), GTP (red), and UTP (blue) at 900 

µmol.l−1 concentration. The bars in the graphs indicate standard deviations for each experimental 

point from at least three independent experiments. The insets above both graphs show an example 

of raw data representing a single experiment and determination of the phosphorylated form of 

eIF2α (higher bands) as estimated at various time points formed by HRI with ATP as a substrate. 

The insets below both graphs are prepared by zooming the presented functions into the initial times 

to demonstrate the linear section of the cures—1 min for ATP and GTP and 2 min for CTP and UTP. 
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Figure 1. Time course of eIF2α phosphorylation catalyzed by the HRI WT enzyme (A) and the HRI
G202S mutant (B) in the presence ATP (black), CTP (green), GTP (red), and UTP (blue) at 900 µmol.L−1

concentration. The bars in the graphs indicate standard deviations for each experimental point from
at least three independent experiments. The insets above both graphs show an example of raw data
representing a single experiment and determination of the phosphorylated form of eIF2α (higher
bands) as estimated at various time points formed by HRI with ATP as a substrate. The insets below
both graphs are prepared by zooming the presented functions into the initial times to demonstrate
the linear section of the cures—1 min for ATP and GTP and 2 min for CTP and UTP.
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Figure 2. Initial velocity of the eIF2α phosphorylation catalyzed by the HRI WT enzyme (black) and
the HRI G202S mutant (red) as a function of ATP (A), CTP (B), GTP (C), and UTP (D) concentration.
The bars in the graphs indicate standard deviations for each experimental point from at least three
independent experiments.

Table 1. Apparent kinetic parameters, catalytic constants (turnover numbers) and catalytic efficiency
values of the HRI reaction for the various nucleoside triphosphates.

HRI WT HRI G202S

KM
ATP (µM) 25 ± 5 49 ± 13

Vmax
ATP (nM.s−1) 75 ± 6 62 ± 5

kcat
ATP (min−1) 12.8 10.6

kcat
ATP/KM

ATP (mM−1.min−1) 514 217

K0.5
CTP (µM) 368 ± 74 380 ± 76

Vmax
CTP (nM.s−1) 7.1 ± 0.6 4.0 ± 0.3

kcat
CTP (min−1) 1.22 0.69

kcat
ATP/K0.5

CTP (mM−1.min−1) 3.31 1.81

KM
GTP (µM) 135 ± 43 240 ± 77

Vmax
GTP (nM.s−1) 40 ± 14 47 ± 18

kcat
GTP (min−1) 6.86 8.06
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Table 1. Cont.

HRI WT HRI G202S

kcat
ATP/KM

GTP (mM−1.min−1) 50.8 33.6

KM
UTP (µM) 37 ± 5 29 ± 6

Vmax
UTP (nM.s−1) 3.5 ± 0.5 2.9 ± 0.2

kcat
UTP (min−1) 0.60 0.50

kcat
ATP/KM

UTP (mM−1.min−1) 16.2 17.1
KM: Michaelis constant resp. apparent Michaelis constant with regard to the indicated substrate, Vmax: Maximal
velocity resp. apparent Maximal velocity with regard to the indicated substrate, K0.5

CTP: values were obtained
from the sigmoidal dose-response curve for CTP, where the Michaelis/Menten kinetics cannot applied; kcat:
Catalytic constant resp. turnover number with regard to the indicated substrate.

Compared to the HRI WT enzyme, the HRI G202S mutant variant showed either
comparable maximal enzymatic velocity values (Vmax

ATP, Vmax
CTP, Vmax

GTP, and Vmax
UTP

values) or slight decreases in all conditions tested (Figure 2 and Table 1). Consistently, the
apparent Michaelis constants and the corresponding apparent K0.5 constant increased for
the HRI G202S mutant compared to the HRI WT enzyme for ATP, CTP, and GTP (KM

ATP,
K0.5

CTP, KM
GTP) values, suggesting lower affinity of the HRI G202S mutant than the HRI

WT enzyme to the corresponding nucleoside triphosphates (Figure 2A–C and Table 1).
Surprisingly, the opposite situation was observed for the HRI kinase reaction in the presence
of UTP (Figure 2D and Table 1). The apparent Michaelis constant decreased for the HRI
G202S mutant compared to the HRI WT enzyme with regard to UTP (KM

UTP), suggesting
slightly higher affinity of the HRI G202S mutant to UTP than was observed for the HRI WT.

The results also showed that the Vmax value with GTP (40 nM.s−1) was lower than
that of ATP (75 nM.s−1) for the WT HRI, but was significantly higher than those of the other
nucleoside triphosphates, CTP (7.1 nM.s−1) and UTP (3.5 nM.s−1). Additionally, the Vmax
value (47 nM.s−1) with GTP for the G202S mutant was higher than that (40 nM.s−1) for the
WT, reinforcing that GTP is a likely substitute ATP for G202S (Table 1). The WT enzyme
was found to be more effective than the mutant form, regardless of the type of nucleoside
triphosphate. Interestingly, despite the effectiveness of the mutant being approximately
half that of the WT HRI in the case of ATP, CTP, and GTP, in the case of UTP, the WT and
mutant enzymes were similarly effective. This is likely because the affinity of the G202S
mutant to UTP is slightly higher than that of the HRI WT enzyme (Table 1).

HRI, as a typical heme-responsive sensor enzyme, can detect changes in heme con-
centration. A sufficiently high heme concentration can inhibit the eIF2α kinase reaction.
We examined the heme-mediated inhibition of the HRI WT enzyme and the HRI G202S
mutant kinase reactions utilizing nucleoside triphosphates. As summarized in Table 2, we
found no significant difference in the sensitivity to heme inhibition (IC50 values) for the
two forms of HRI tested. However, when ATP served as a substrate of the kinase reaction,
the HRI G202S mutant was slightly more sensitive to heme inhibition compared to the HRI
WT enzyme (Figure 3).

Table 2. Extent of heme-induced HRI inhibition utilizing various nucleoside triphosphates, expressed
as IC50 values.

IC50
ATP (µM) IC50

CTP (µM) IC50
GTP (µM) IC50

UTP (µM)

HRI WT 14 ± 5 10 10 ± 4 10

HRI G202S 11 ± 4 10 11 ± 4 10
IC50: Half maximal inhibitory concentration.
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Figure 3. Inhibition of HRI WT (black) and HRI G202S (red) enzymes by various concentrations of
heme in the presence of 900 µmol.l−1 ATP. Heme was dissolved in dimethyl sulfoxide (DMSO) to
yield final concentrations of 0.5–200 µM. An equal volume of DMSO alone was added to the control
reaction mixture.

3. Discussion

Purine nucleoside triphosphates play a critical role in the activity of HRI, either the
WT enzyme or the G202S mutant, and, unexpectedly, pyrimidine nucleoside triphosphates
can also serve as a source of phosphate for the eIF2α kinase reaction. The in vitro properties
of some kinase enzymes (i.e., casein kinase I and II) suggest that ATP is not the only, or
not even the major, phosphate donor, and may also be reflected in vivo [20]. In case of the
HRI kinase reaction, ATP, closely followed by GTP, are the major phosphate donors for the
phosphorylation of eIF2α. However, during stress, when the amount of ATP or GTP is
limited by their utilization in other processes, the effects of CTP and UTP on the HRI kinase
reaction cannot be underestimated. Nucleoside triphosphate levels in normal (resting)
cells are lower than those in tissues. However, the levels of nucleoside triphosphates,
particularly those of CTP, GTP, and UTP relative to ATP, are significantly higher in tumor
cells [20]. In human myeloid leukemia cells, the concentration of ATP is estimated as
~3.5 mM, while that of CTP, GTP, and UTP are estimated as ~0.4 mM, ~0.9 mM, and
~0.9 mM, respectively [23]. However, it has been reported that the concentrations of a given
nucleoside triphosphate in the same cell line or tissue vary over a range of 5–50-fold under
various circumstances [24]. Even for the basal nucleoside triphosphate concentrations, all of
the obtained apparent KM

NTP or K0.5
NTP are relevant and the kinase enzyme reaction may

proceed following the participation of all four nucleoside triphosphates. It should be noted
that native human HRI works at 37 ◦C and our kinetics experiments were performed at
20 ◦C, because of the enzyme stability. Anyway, we believe that even if the specific values
for ATP, CTP, GTP, and UTP and their affinities to HRI may differ at various temperatures,
their mutual relationship and indicated behavior are similar at 20 and 37 ◦C. Moreover,
heme still inhibits enzyme activity even if the pyrimidine nucleoside triphosphates are used,
and the heme sensing role of HRI is not disrupted by the other utilized source of phosphate.
However, because the concentrations of heme and nucleotides utilized in the experimental
setting were three orders of magnitude higher compared to the HRI concentration, an
interaction between nucleotides and heme cannot be excluded and if so, such an interaction
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is not competitive to HRI–heme and HRI–nucleotide interactions. Such a situation could
hypothetically impact the precision of data. If heme interacts with nucleotides, it lowers its
available concentration. Presented data only provide a rough idea what the ratios of IC50
values are potentially like.

As mentioned above, HRI has been suggested to play a role in cancer development [15].
The phosphorylation of eIF2α catalyzed by HRI causes proteosynthesis to be turned off, and
therefore represents a cytoprotective response to stress conditions, which can be disturbed
by the malignant transformation of cell. Systematic sequencing of cancer genomes for
mutations showed that human cancer cells (mainly lung cells) often possess a mutation in
the HRI gene, which causes expression of the G202S mutant variant of the HRI enzyme [21].
As this mutation site is located close to the ATP binding site, we sought to analyze this
pathologically relevant mutation for the first time by conducting a detailed enzyme kinetics
study. Our results suggest that glycine 202 is slightly involved in the ATP binding process,
given that its replacement by a serine increased the KM

ATP by two-fold, suggesting a
decrease in ATP affinity of the HRI G202S mutant form. Consistently, the maximal enzyme
velocity was slightly decreased for the HRI G202S mutant form, while a similar situation
was observed for the other purine nucleoside triphosphate, GTP.

However, the situation with the pyrimidine nucleoside triphosphates is different.
The affinity of HRI for CTP is not significantly influenced by the mutation of G202, the
K0.5

CTP (obtained from the sigmoidal function) was also very high, even for the HRI WT
enzyme, and a similarly high value was observed for the mutant protein. Despite the
high K0.5

CTP, the reaction still proceeded slowly but effectively, and the eIF2α was still
phosphorylated. Interestingly, we have observed the sigmoidal curve shape only for CTP
only in the case of the HRI G202S. We think that the amino groups on the purine position 6
and pyrimidine position 4 in ATP and CTP, respectively could be the key to explain that
sigmoidal observation. Because the important glycine 202 is mutated to serine in HRI
G202S, the interaction with that pyrimidine nucleotide is changed causing the different
behavior of the kinetics function. However, the possibility that the level of enzyme reaction
is in this case so low, that the measurement is laden with great experimental error could
also not be ruled out. However, in the case of UTP, the G202S mutation associated with
cancer development slightly increased the affinity of the HRI to UTP compared to the HRI
WT enzyme. It is currently unclear how this phenomenon could be directly connected to
the carcinogenesis. It may be that UTP can then compete with ATP for the binding site
and cause the disbalance of the eIF2α phosphorylation process. Further studies will be
necessary to fully understand the role of all four major nucleoside triphosphates in cancer
cells. It is also important to note that although the HRI G202S mutant is sensitive to heme
inhibition, it is slightly more sensitive compared to the HRI WT enzyme when ATP serves
as a substrate for the kinase reaction.

According to a previous study, the current research was performed with a human
HRI protein [25], although previous research focused mainly on the murine variant of the
protein [12]. It seems that both variants behave in a similar manner (human HRI KM

ATP

25 ± 5 µM, mouse HRI KM
ATP 31 µM). Additionally, the sensitivity to heme inhibition is

comparable (human HRI IC50 14 ± 5 µM, murine HRI IC50 9.5 µM), although the human
HRI is slightly less sensitive to heme compared to the murine HRI. Interestingly, the
recent study with human HRI protein showed approximately three-fold lower affinity to
ATP (human HRI KM

ATP 71.9 µM) but higher sensitivity to hemin (IC50 0.9 µM), which
is probably caused by different human HRI constructs, protein manipulation, different
methods of HRI activity assay, and the utilization of a short peptide derived from eIF2α
instead of the WT substrate used in the current study [25].

It should also be noted that we have only studied the kinase reaction of HRI towards
eIF2α, despite the fact that HRI is known to also catalyze its autophosphorylation [12,19].
The autophosphorylation of HRI is a multistep process [19], which is important for adequate
solubility of the protein in aqueous media [12]. As we successfully expressed and isolated
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the HRI protein, the protein used in the present study is likely to be soluble due to its
previous autophosphorylation, which took place during its expression in E. coli cells.

Four other eIF2α kinases (PRK, GCN2, PERK, and MARK2) are able to phosphorylate
this initiation factor and arrest translation [2,4–7]. So far, only PERK has been analyzed
in terms of the apparent KM

ATP and Vmax
ATP of the eIF2α kinase reaction. The apparent

Michaelis constant with regards to ATP was 1.08 ± 0.21 µM, and the apparent maximal
velocity with regards to ATP was 0.88 ± 0.22 pmol.min−1 [26]. The PERK functional kinase
domain has approximately one order of magnitude higher affinity to ATP compared to
HRI, while the maximal enzyme velocities are comparable. In the case of PKR, only its
autophosphorylation reaction was studied [27], and there remains no information regarding
GCN2 and MARK2 kinetics.

Finally, targeting eIF2α kinases, including HRI, with pharmacological inhibitors
and/or activators to shift the balance toward a cytotoxic state and/or an apoptotic state,
specifically in cancer cells, may provide an alternative approach in anticancer therapy [1,15].
The current study shed light on the mechanism of the eIF2α kinase reaction catalyzed by
HRI enzyme while also outlining novel directions for future research on eIF2α phosphory-
lation.

4. Materials and Methods
4.1. Materials

Ampicillin was obtained from P-lab (Prague, Czech Republic). Isopropyl β-D-thiogal-
actopyranoside, hemin, and acrylamide were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Water, doubly distilled over quartz, was purified using a Milli-Q Plus system (EMD
Millipore, Billerica, MA, USA). Phos-tag was obtained from the Phos-tag consortium Wako
Pure Chemical Industries (Osaka, Japan). All chemicals used were of the highest purity
grade available from commercial sources and did not undergo further purification.

4.2. Plasmid Construction

The gene for human HRI was obtained from the repository PlasmID of the Harvard
Medical School (Boston, MA, USA). The following primers were used for the gene amplifica-
tion and its insertion into the pET-21c(+) vector: 5′-sense (5′-AGATACATATGCAGGGGGG-
CAACTC-3′) and 3′-antisense (5′-AGATACTCGAGCTATCCCACGCCCCCATC-3′). Fol-
lowing gene amplification, the plasmid encoding human (His)6-tagged WT HRI, compris-
ing residues 1–630, was obtained. A site-directed mutant HRI G202S was constructed with
the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA,
USA) using the following primers: 5′-sense (5′- GCAATAAAAAAAATCCTGATTAAGA-
GTGCAACTAAAACAGTTTG-3′) and 3′-antisense (5′- CAAACTGTTTTAGTTGCACTCTT-
AATCAGGATTTTTTTTATTGC-3′).

The gene for human eIF2α was obtained from the repository of the Harvard Medical
School (PlasmID, USA). The following primers were used for the gene amplification and its
insertion into the pET-21c(+) vector: 5′-sense (5′-AGATACATATGCCGGGTCTAAGTTGTAG-3′)
and 3′-antisense (5′-AGATACTCGAGCAAATCTTCAGCTTTGGCTTC-3′). Following gene
amplification, the plasmid encoding human (His)6-tagged WT eIF2α, comprising residues
1–315, was obtained.

4.3. Overexpression and Purification of the WT and Mutant Proteins

The (His)6-tagged HRI WT enzyme and its mutant G202S were expressed upon addi-
tion of 0.1 mM isopropyl β-D-thiogalactopyranoside in Escherichia coli BL21(DE3) (Novagen)
harboring pET-21c(+)-HRI WT and pET-21c(+)-G202S HRI, respectively and then purified
as described previously [12] with some modifications. Briefly, the cells were resuspended in
buffer A (50 mM Tris-HCl pH 8.0, 100 mM NaCl) containing 1 mM phenylmethanesulfonyl
fluoride and 1 mM ethylenediaminetetraacetic acid and lysed with 0.2 mg·ml−1 lysozyme.
The crude extract was sonicated six times for 1 min each (with 1 min intervals between soni-
cations) on ice and then centrifuged at 50,000 g for 60 min at 4 ◦C. The resulting supernatant
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was then incubated with 3 mL of TALON® SuperFlow (GE Healthcare, Sweden) affinity
resin (buffer A pre-equilibrated) for 60 min at 4 ◦C. Following incubation, the mixture
was applied onto a column glass reservoir with fritted glass at its end. After washing
the mixture with buffer A, the HRI protein was eluted with 200 mM imidazole in buffer
A. The fraction of eluted HRI was concentrated with Amicon® Ultra Centrifugal Filters
(Merck Millipore, Cork, Ireland) and applied to a Superdex 200 10/300 GL column (GE
Healthcare, Amersham, UK) equilibrated with 20 mM Tris-HCl pH 8.0 buffer containing
150 mM NaCl. The desired eluates (identified by monitoring at 280 nm) were collected
and concentrated with Amicon® Ultra Centrifugal Filters (Merck Millipore, Cork, Ireland).
Finally, the purified proteins were rapidly frozen in liquid nitrogen and stored at −80◦C.
The purified proteins were more than 95% homogeneous as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10% gel) followed by staining with
InstantBlue® Coomassie Protein Stain (Abcam, Cambridge, UK). The protein concentra-
tions were determined using the bicinchoninic acid assay with bovine serum albumin as
a standard (PierceTM BCA Protein Assay Kit, Thermo Scientific, Rockford, IL, USA). The
final yields for the full-length HRI WT enzyme and the HRI G202S mutant were 0.5 and
0.2 mg/L of culture, respectively.

(His)6-tagged eIF2α was expressed upon addition of 0.1 mM isopropyl β-D-thiogala-
ctopyranoside in Escherichia coli BL21(DE3) (Novagen) harboring pET-21c(+)-eIF2α plasmid.
The purification process was identical to that described for HRI. The purified eIF2α protein
was more than 97% homogeneous as determined by SDS-PAGE followed by staining with
InstantBlue® Coomassie Protein Stain (Abcam, Cambridge, UK). The protein concentrations
were determined using the bicinchoninic acid assay with bovine serum albumin as a
standard (PierceTM BCA Protein Assay Kit, Thermo Scientific, Rockford, IL, USA). The final
yield of eIF2α protein was 1.2 mg/L of culture.

4.4. HRI Reaction Kinetics under Various Conditions

The time course of the kinase reaction catalyzed by the HRI WT enzyme and the
HRI G202S mutant was assayed at 20 ◦C in a reaction mixture containing 0.35 µM HRI
WT enzyme or its G202S mutant and 5.4 µM eIF2α proteins in 20 mM Tris-HCl, pH 8,
containing 2 mM MgCl2 and 60 mM KCl. The reaction mixture was preincubated for 5 min
before initiating the reaction by adding 900 µM ATP, CTP, GTP, or UTP at 20 ◦C. The state
of the reaction was determined at the following time points after initiation: 0, 0.5, 1, 2, 3, 5,
7, 10, 15, 30, 45, and 60 min.

The kinetics analysis of the HRI WT enzyme and the HRI G202S mutant was conducted
under various conditions. Unless stated otherwise, the experiments were performed at
20 ◦C. The reaction mixture (20 µL) for the kinetics analysis of HRI contained 20 mM Tris-
HCl, pH 8, 2 mM MgCl2, 60 mM KCl, 0.35 µM HRI WT enzyme or its G202S mutant, and
5.4 µM eIF2α proteins. The reaction mixture was preincubated for 5 min before initiating
the reaction by adding 5-900 µM ATP, CTP, GTP, or UTP.

The assay solution was incubated for 1 min (initial velocity conditions for ATP and
GTP) or 2 min (initial velocity conditions for CTP and UTP). The amount of reaction product
(phosphorylated eIF2α, P-eIF2α) formed per min during the first 1 min (ATP and GTP) or
2 min (CTP and UTP) was equivalent to the initial velocity of the kinase reaction. As the
HRI kinase reaction is a bisubstrate reaction (between a nucleoside triphosphate and eIF2α),
the apparent kinetics for each nucleoside triphosphate were determined in the presence
of an excess of the other substrate (eIF2α). The kinetic constants were determined using a
Lineweaver–Burk plot and in parallel by nonlinear least-squares regression analysis using
the Michaelis–Menten equation or the Hill equation, as appropriate [28]. The experiments
were performed at least three times for each assay solution, and the experimental errors
were within 15%.
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4.5. Identification of the P-eIF2α by Phos-Tag Electrophoresis

At the designated times, the HRI kinase assay reaction was terminated by adding 20 µL
aliquots of termination buffer (250 mM Tris-HCl, pH 6.8, 8% SDS, 22% 2-mercaptoethanol,
50% glycerol, 0.004% bromophenol blue). Subsequently, the quenched reaction mixture
samples were loaded onto a 10% SDS poly-acrylamide gel containing 75 µM Phos-tag
acrylamide and 0.2 mM MnCl2. Each lane was loaded with a quantity of quenched re-
action mixture containing 0.5 µg of eIF2α. The phosphorylated proteins in the sample
interacted with the Phos-tag manganese complex in the gel, reducing their mobility relative
to phosphate-free proteins [10,29]. Following electrophoresis, the proteins were visualized
by staining with InstantBlue® Coomassie Protein Stain (Abcam, Cambridge, UK) and the
stained gels were imaged using an Epson Perfection V550 scanner (Seiko Epson, Suwa,
Japan). The loaded proteins were then quantified by analyzing the scanned images using
ImageJ.

4.6. Heme Inhibition Studies

The heme inhibition studies of the HRI WT enzyme and its G202S were assayed under
various conditions. Unless stated otherwise, the experiments were conducted at 20 ◦C. The
reaction mixture (20 µL) for the heme inhibition studies of HRI contained 20 mM Tris-HCl,
pH 8, 2 mM MgCl2, 60 mM KCl, 0.35 µM HRI WT enzyme or its G202S mutant protein,
5.4 µM eIF2α protein, and 1–200 µM heme dissolved in DMSO. The volume equivalent
of DMSO alone was used as a control for no heme condition. The reaction mixture was
preincubated for 5 min before initiating the reaction by adding 900 µM ATP, CTP, GTP, or
UTP.

The assay solution was incubated for 1 min (initial velocity conditions for ATP and
GTP) or 2 min (initial velocity conditions for CTP and UTP). The amount of reaction
product (P-eIF2α) formed per min during the first 1 min (ATP and GTP) or 2 min (CTP and
UTP) was equivalent to the initial velocity of the kinase reaction for each specific heme
concentration in the assay solution. The relative kinase activity of HRI for each specific
heme concentration in the assay solution was obtained by comparing the initial velocity
of its kinase reaction with the kinase reaction of HRI in the absence of heme in the assay
mixture. The IC50 values were estimated from the relationship between the relative kinase
activity of HRI and the heme concentration in the assay mixture. The experiments were
performed at least three times for each reaction mixture, and the experimental errors were
within 15%.

5. Conclusions

In summary, our results suggest that in case of the HRI kinase reaction, ATP, closely
followed by GTP, are the major phosphate donors for the phosphorylation of eIF2α. How-
ever, under certain stress conditions, the roles of CTP and UTP in the HRI kinase reaction
cannot be underestimated. The WT enzyme is consistently more effective compared to the
G202S mutant regardless the nucleoside triphosphate. In the case of ATP, CTP, and GTP, the
mutant associated with lung cancer development is approximately half as effective as the
WT HRI, while in the case of UTP, the WT and mutant enzymes show similar efficacy. The
HRI G202S mutant shows decreased affinity to ATP, CTP, and GTP. However, in the case of
UTP, the G202S mutant significantly increases the affinity to UTP compared to WT enzyme.
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Abbreviations

eIF2α: Eukaryotic initiation factor 2α, P-eIF2α: Phosphorylated eIF2α, HRI: Heme-
regulated inhibitor or alternatively heme-regulated eukaryotic initiation factor 2α kinase,
PERK: Protein kinase R-like endoplasmic reticulum kinase, PKR: Protein kinase R (R de-
notes RNA-activated), GCN2: General control nonderepressible 2, MARK2: Microtubule
affinity-regulating kinase 2, ATP: Adenosine triphosphate, CTP: Cytidine triphosphate,
GTP: Guanosine triphosphate, UTP: Uridine triphosphate, tRNA: Transfer RNA, eIF: Eu-
karyotic initiation factor, ER: Endoplasmic reticulum, kcat: Catalytic constant resp. turnover
number, KM: Michaelis constant, Vmax: Maximal velocity, IC50: Half maximal inhibitory
concentration, SDS-PAGE: Sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
WT: Wild type, DMSO: dimethyl sulfoxide.
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