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ABSTRACT: Heme-regulated eIF2R kinase [heme-regulated inhibitor (HRI)] plays a critical role in the
regulation of protein synthesis by heme iron. The kinase active site is located in the C-terminal domain,
whereas the N-terminal domain is suggested to regulate catalysis in response to heme binding. Here, we
found that the rate of dissociation for Fe(III)-protoporphyrin IX was much higher for full-length HRI
(1.5 × 10-3 s-1) than for myoglobin (8.4× 10-7 s-1) or theR-subunit of hemoglobin (7.1× 10-6 s-1),
demonstrating the heme-sensing character of HRI. Because the role of the N-terminal domain in the structure
and catalysis of HRI has not been clear, we generated N-terminal truncated mutants of HRI and examined
their oligomeric state, heme binding, axial ligands, substrate interactions, and inhibition by heme derivatives.
Multiangle light scattering indicated that the full-length enzyme is a hexamer, whereas truncated mutants
(truncations of residues 1-127 and 1-145) are mainly trimers. In addition, we found that one molecule
of heme is bound to the full-length and truncated mutant proteins. Optical absorption and electron spin
resonance spectra suggested that Cys and water/OH- are the heme axial ligands in the N-terminal domain-
truncated mutant complex. We also found that HRI has a moderate affinity for heme, allowing it to sense
the heme concentration in the cell. Study of the kinetics showed that the HRI kinase reaction follows
classical Michaelis-Menten kinetics with respect to ATP but sigmoidal kinetics and positive cooperativity
between subunits with respect to the protein substrate (eIF2R). Removal of the N-terminal domain decreased
this cooperativity between subunits and affected the other kinetic parameters including inhibition by Fe-
(III) -protoporphyrin IX, Fe(II)-protoporphyrin IX, and protoporphyrin IX. Finally, we found that HRI
is inhibited by bilirubin at physiological/pathological levels (IC50 ) 20 µM). The roles of the N-terminal
domain and the binding of heme in the structural and functional properties of HRI are discussed.

In eukaryotes, protein synthesis is terminated when cells
face an emergency such as a shortage of amino acids, stress
to the endoplasmic reticulum, and viral infection. Translation
initiation is regulated by eukaryotic initiation factor 2R (R-
subunit of eukaryotic initiation factor 2; eIF2R)1 kinases (1-
3). Four eIF2R kinases are known, including GCN2, PKR,
PERK, and heme-regulated inhibitor (HRI) (4). These four
eIF2R kinases phosphorylate Ser51 of eIF2R. Phosphorylated
eIF2R binds tightly to eIF2B, a guanosine nucleotide
exchange factor, resulting in the termination of protein
synthesis (3). The kinase functions of GCN2, PERK, PKR,

and HRI initiate the termination of protein synthesis when
cells face emergencies, including amino acid starvation, stress
to the endoplasmic reticulum, viral infection, and a shortage
of heme iron, respectively (5-8). Although these four kinases
have similar kinase domains, their sensing functions and
domains differ (5-8).

HRI senses and mediates responses to changes in the heme
concentration. Under normal conditions when there is
sufficient heme, HRI does not phosphorylate eIF2R (1), but
when there is a shortage of heme, it acts to maintain the
heme-to-globin ratio at 1:1 by phosphorylating eIF2R, which
initiates the termination of protein synthesis (1-3, 9).
Although HRI is reported to sense the heme concentration
in reticulocytes or red blood cells (9), it is found in almost
all tissues, including the brain (hippocampus, hypothalamus,
and cerebellum), lung, heart, liver, spleen, kidney, thymus,
stomach, pancreas, colon, testis, and uterus (10-12). There-
fore, it appears that HRI functions not only in reticulocytes
and red blood cells but also in these other tissues; however,
the molecular mechanisms, in particular, the role of the
N-terminal domain in its oligomerization, kinase function,
and heme sensing, have remained elusive. In addition, little
is known regarding how heme binds to the catalytic domain
and regulates catalysis, the stoichiometry of heme binding,
and which residues are axial ligands for the heme iron.
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In the present study, to elucidate the role of the N-terminal
domain in the structure and catalysis of HRI, we generated
N-terminal truncated mutants and used multiangle light
scattering (MALS) to examine the states of oligomerization
of these mutants and the full-length enzyme. We also
examined Fe(III)-protoporphyrin IX complex [Fe(III)-
hemin] and Fe(II)-protoporphyrin IX complex [Fe(II)-
heme] binding characteristics, electron paramagnetic reso-
nance (EPR) spectra of the Fe(III)-hemin complex, and the
catalytic functions under various conditions. We found
marked differences in the state of oligomerization, hemin-
binding characteristics, and heme axial ligands between the
full-length and mutant proteins, whereas the kinetic functions
and inhibition by hemin were not substantially different.
Finally, we discuss the role of the N-terminal domain in the
structure and function of HRI.

EXPERIMENTAL PROCEDURES

Materials. Restriction and modification enzymes were
acquired from Takara Bio (Otsu, Japan), Toyobo (Osaka,
Japan), New England Biolabs (Beverly, MA), and Nippon
Roche (Tokyo, Japan). Other chemicals were purchased from
Wako Pure Chemicals (Osaka, Japan).

Plasmid Construction.A plasmid encoding (His)6-tagged
wild-type HRI comprising residues 1-619 (His6 HRI) from
a mouse liver cDNA was originally constructed in the pET28
vector (Novagen, Madison, WI) as previously described (13).
Because HRI has several thrombin cleavage sites (HRI
sequence, LVVRNS; thrombin site, LVPRGS), we could not
use thrombin to remove the (His)6 tag. We thus introduced
a PreScission protease (Amersham Biosciences, Piscataway,
NJ) recognition site into the expression vector so that we
could remove the (His)6 tag. As a result, this protein has
extra Gly-Pro-His residues prior to the Met residue. N-
Terminal truncated mutants∆85 (amino acids 86-619),
∆127 (amino acids 128-619), and∆145 (amino acids 146-
619) were prepared by PCR using the appropriate primers.
The 5′-sense primers, which containedEcoRI andNdeI sites,
were 5′-GGAATTCCATATGAAACAGGTGTTTAAAT-
TAC-3′ for ∆85, 5′-GGAATTCCATATGAGGTCTGC-
CAAAGAGAG-3′ for ∆127, and 5′-GGAATTCCATATG-
CAGAAAATCAGATCCAG-3′ for ∆145; the 3′-antisense
primer, which contained a stop codon and anEcoRI site,
was 5′-CGAATTCTCATCTCTTCAGCCCTC-3′. The PCR
products were first subcloned into theEcoRI site of the
pBSKII(+) vector so that the sequences could be confirmed.
The desired products were then digested withNdeI and
EcoRI and then subcloned into the pET28a vector containing
the PreScission protease recognition site to construct expres-
sion plasmids. A site-directed mutant, Lys196Arg, was
constructed with a QuikChange mutagenesis kit (Stratagene,
La Jolla, CA) using the following primers: 5′-sense
(5′-TGGTCAGCATTATGCAATTAGGAAAATCCTGA-
TTAAGAGCG-3′) and 3′-antisense (5′-CGCTCTTAAT-
CAGGATTTTCCTAATTGCATAATGCTGACCA-3′). The
plasmid encoding (His)6-tagged eIF2R was constructed as
previously described (13).

Protein Expression and Purification.(His)6-tagged HRI
was expressed inEscherichia coliBL21(DE3) Codon Plus
RIL (Stratagene) harboring pET28a-PreScission/HRI (13)
and then purified as described previously (12, 13, 15) with

some modifications. Briefly, cell lysates containing apo-
(His)6-tagged HRI were isolated by 25-40% ammonium
sulfate precipitation, and the isolated protein was then
subjected to sequential chromatographic steps on DEAE-
cellulose (DE52; Whatman, Maidstone, U.K.) and Ni2+-
NTA-agarose (Qiagen, Valencia, CA). Next, the (His)6 tag
was digested by PreScission protease and purified by
Sephadex G-25 (HiTrap), GS-Trap, and His-Trap column
chromatography (Amersham Biosciences) using the AKTA
system (Amersham Biosciences). Purified (His)6-tag-free HRI
proteins were more than 95% homogeneous as determined
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE; 7.5% gel) followed by staining with
Coomassie Brilliant Blue R250. Protein concentrations were
determined using the Coomassie Brilliant Blue dye binding
method for protein (Nacalai Tesque, Kyoto, Japan). Final
yields were 0.21, 0.34, 0.86, and 0.51 mg/L of culture for
the full-length,∆85,∆127, and∆145 mutants, respectively.
(His)6-tagged eIF2R was expressed and purified as previously
described (16).

All proteins obtained in the present study were soluble
and autophosphorylated, as confirmed by SDS-PAGE.
Lys196 is reported to be essential for kinase activity and
therefore autophosphorylation (14, 15). When we mutated
this residue to arginine to prevent autophosphorylation, the
protein was retained in inclusion bodies and was difficult to
solubilize, which is consistent with the idea that autophos-
phorylation is required for solubility.

Classical Size Exclusion Column Chromatography and
Size Exclusion Column Chromatography with MALS Detec-
tion. We used size exclusion chromatography on Superdex
200HR 10/30 (Amersham Biosciences) to evaluate the
oligomeric state of the purified proteins (71µM full-length
HRI, 66 µM ∆85 HRI, 83µM ∆127 HRI, or 56µM ∆145
HRI). The mobile phase was the buffer used for the in vitro
kinase activity (20 mM Tris-HCl, pH 7.7, 150 mM KCl, and
2 mM magnesium acetate) supplemented with 1 mM
dithiothreitol. The column was calibrated with the following
molecular size standards: ribonuclease A (13.7 kDa), chy-
motrypsinogen A (25 kDa), ovalbumin (43 kDa), albumin
(67 kDa), aldolase (158 kDa), catalase (232 kDa), ferritin
(450 kDa), and thyroglobulin (669 kDa). A 100µL sample
of protein solution was applied to the column. The results
indicated that all proteins used in the present study were
soluble and not aggregated.

For MALS detection experiments, chromatography was
carried out with the same mobile phase but using Shodex
KW-804 and KW-802.5 columns (Showa Denko, Tokyo).
A minDAWN tristar from Wyatt Technology Corp. (Santa
Barbara, CA) was used as the detector for MALS. Aliquots
(20 µL) of protein samples (71µM full-length HRI, 66µM
∆85 HRI, 83µM ∆127 HRI, and 56µM ∆145 HRI) were
applied to two size exclusion columns that were connected
in tandem (Shodex KW-804 and KW-802.5). The eluate was
directly analyzed by using a multiangle light photometer
(minDAWN tristar from Wyatt Technology Corp.). Light
scattering response is directly proportional to the molecular
mass of a sample. Therefore, the MALS method can measure
the absolute molar mass of the eluting protein without column
calibration or reference standards.

Optical Absorption Spectra.Optical absorption spectra
were collected using a Shimadzu UV-2500 spectrophotom-
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eter and a Shimadzu Multi Spec 1500 spectrophotometer
(Kyoto, Japan) maintained at 25°C. The optical absorption
spectral changes were recorded under both aerobic and
anaerobic conditions in 50 mM Tris-HCl, pH 8.0, buffer at
25 °C. The reaction mixture was incubated for 10 min prior
to spectroscopic measurements to ensure that the temperature
of the solution was stable and that the Fe(III)-hemin or Fe-
(II)-heme properly coordinates with the protein. Experi-
ments were performed at least three times for each complex.

EPR Spectra.The Fe(III)-∆145 mutant (80µM) complex
was prepared in 50 mM Tris-HCl, pH 8.0, containing 50%
glycerol at 25°C. EPR spectra were recorded on a JEOL
FE-3X spectrometer (Tokyo, Japan) at 25 K. The magnetic
field was calibrated using an NMR gauss meter (Echo
Electronics, Hadsund, Denmark; model EFM-2000), and the
temperature was controlled with an Oxford 900 cryosystem
(13).

Stopped-Flow Measurements.Stopped-flow absorbance
measurements for determining heme association rate con-
stants were conducted using an RSP-1000 stopped-flow
apparatus (Unisoku, Osaka, Japan) maintained at 25°C (31).
Association of CO-heme (0.25µM) with different concen-
trations of full-length HRI (0.5-1.0 µM) was monitored at
423 nm (19). The reaction was initiated by mixing with
excess apoprotein. Data were fitted using Igor-Pro (Wave-
metrics, Inc., Lake Oswego, OR) (19, 20). Experiments were
conducted at least three times, and experimental errors were
within 20%.

Heme Dissociation Experiments.All heme dissociation
experiments were carried out in 1 cm path length, 1 mL
volume cuvettes containing 800µL of reaction mixture at
15-37 °C. For most experiments, this mixture consisted of
0.15 M potassium phosphate (pH 7.0), 0.45 M sucrose, 30
µM apomyoglobin (sperm whale) His64Tyr/Val68Phe mu-
tant, and 3.0µM stock HRI holoprotein solution. The pH
values of these reaction mixtures never deviated more than
0.02 unit from that of the original solution. The reactions
were initiated by adding holoprotein to the buffer-apomyo-
globin mixture. Spectral changes were monitored at 410 nm
as described previously (20). Experiments were conducted
at least three times, and experimental errors were within 20%.

In Vitro Protein Kinase Assay.The in vitro protein kinase
assay was conducted as described previously (17, 18, 23)
with some modifications. Briefly, the kinase reaction mixture
(20 µL) containing 20 mM Tris-HCl, pH 7.7, 2 mM
magnesium acetate, 60 mM KCl, 2µg of (His)6-tagged
eIF2R, 0.35 µM tag-free HRI (full-length and truncated
mutant proteins), and 50µM ATP was incubated at 15°C
for 10 min under aerobic conditions. The reaction was
stopped by adding Laemmli sample buffer (62.5 mM Tris-
HCl, pH 6.8, 10% glycerol, 2% 2-mercaptoethanol, 2%
sodium dodecyl sulfate, and 0.002% bromophenol blue) and
then heated for 10 min at 95°C and subjected to 10% SDS-
PAGE. Proteins were transferred onto poly(vinylidene dif-
luoride) membranes (Bio-Rad, Hercules, CA). Phosphory-
lated proteins were detected by immunoblotting with an anti-
phosphorylated eIF2R antibody (13) (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA).

Primary mouse anti-(His)6 monoclonal IgM (H-3), goat
anti-HRI IgG (S-16), rabbit anti-eIF2R IgG (FL-315), and
goat anti-phosphorylated eIF2R IgG (Ser52) antibodies were
purchased from Santa Cruz Biotechnology, Inc. For immu-

noblotting, the membrane was blocked for 1 h with 5%
bovine serum albumin in Tris-buffered saline containing
0.1% Tween 20 (TBST) and incubated overnight at room
temperature with primary antibody diluted in TBST. After
being washed with TBST, the membrane was incubated with
horseradish peroxidase-conjugated sheep anti-mouse IgG,
donkey anti-rabbit IgG (Amersham Biosciences), or donkey
anti-goat IgG (Santa Cruz Biotechnology) for 1 h. Immu-
noreactive protein bands were visualized using ECL reagents
(Amersham Biosciences) and detected using a Fuji Film
chemiluminescence reader, LAS-3000 IDX6 (Tokyo, Japan).
The intensities of bands were calculated using Image J 1.32j
(National Institutes of Health, Bethesda, MD) software. We
compared the relative intensity of the corresponding bands
(13).

Kinetic Analysis of eIF2R Phosphorylation.The assay
mixture (20µL) for the kinetic analysis of HRI contained
20 mM Tris-HCl, pH 7.7, 2 mM magnesium acetate, 60 mM
KCl, 0.35µM tag-free HRI full-length or N-terminal domain
truncated mutant proteins, 0.5-4 µg of (His)6-tagged eIF2R,
and 2.5-100µM ATP. The assay solution was incubated at
15 °C for 1 min (initial velocity conditions). The amount of
reaction product (phosphorylated eIF2R) formed per minute
during the first 2 min (determined by immunoblotting; see
In Vitro Protein Kinase Assay) was equivalent to the initial
velocity of the kinase reaction. Because the HRI kinase
reaction is a bisubstrate reaction (ATP and eIF2R), the
apparent kinetics for each substrate were determined in the
presence of an excess of the other substrate. Kinetic constants
were determined by nonlinear least-squares regression analy-
sis using the Michaelis-Menten equation or the Hill equation
as appropriate (18). Experiments were performed at least
three times for each reaction mixture, and experimental errors
were within 20%.

RESULTS

Oligomerization State.Although the molecular mass of
HRI predicted from the amino acid sequence is 72 kDa,
previous reports have estimated that it is between 180 and
640 kDa (2, 15, 17, 21-24). The consensus is that HRI likely
forms an elongated homodimer in aqueous solution (15). We
used the MALS technique (25) in combination with size
exclusion chromatography to precisely determine the state
of HRI oligomerization. This method separated each protein
as a distinct single band (Figure 1). Direct measurements
by MALS detection indicated that the molecular masses in
aqueous solution of full-length,∆85, ∆127, and ∆145
N-terminal truncated mutants were 396, 371, 167, and 230
kDa, respectively (Table 1). In contrast, the molecular masses
predicted from their amino acid sequences are 72, 63, 58,
and 56 kDa, respectively. Therefore, it appears that the full-
length and the∆85 mutant proteins are hexamers, whereas
the ∆127 and∆145 proteins are mainly trimers. It should
be pointed out that the proteins are soluble due to autophos-
phorylation (14, 15).

Heme-Binding Characteristics.To determine the heme-
binding characteristics of HRI, we monitored the absorption
changes of Fe(III)-hemin upon addition of full-length wild-
type and∆145 mutant enzymes. As shown in Figure 2A,
the Soret band at 422 nm increased upon addition of the
full-length protein, although it increased less for the∆145
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mutant than for the full-length protein (Figure 2B). We
further conducted Fe(III)-hemin titration of full-length and
∆145 mutant enzymes. As shown in Figure 2C,D, the peak
at 422 nm increased for the full-length protein, whereas, for
the ∆145 mutant protein, there was an increase in the peak
at 370 nm as well as the relatively small increase in the 422
nm band. Plots of the spectral increase at 370 nm for the
∆145 mutant protein versus the Fe(III)-hemin/protein ratio
revealed a clear binding pattern for the 1:1 Fe(III)-hemin
to protein complex (closed circles on solid lines in Figure
2F). Similarly, the plot of the 422 nm absorption for the full-
length protein demonstrated that the stoichiometry of Fe-
(III) -hemin to protein was 1:1 (closed circles on solid lines
in Figure 2E). Therefore, it appeared that a new species with

an absorption at 370 nm was generated by adding Fe(III)-
hemin to the∆145 mutant protein. The same peak around
370 nm was observed in spectra of heme complexes of iron
regulatory protein 2 (IRP2), another heme sensor protein (39),
suggesting that the band around 370 nm is not due to a
nonspecific binding of the Fe(III)-hemin to the ∆145
protein. Also, note that the spectrum of the free Fe(III)-
hemin complex (the dashed line in Figure 2A,B) has broad
peaks at approximately 387 and 357 nm, corroborating that
the 370 nm species is not the free Fe(III)-hemin complex.

Addition of the Fe(II)-heme complex to the full-length
and∆145 mutant proteins under anaerobic conditions caused
specific spectral changes (Figure 3A,B). For both proteins,
the first phases of the titration plots for spectral changes at
426 or 425 nm saturated at certain points (Figure 3C,D),
suggesting that, in both cases, one molecule of Fe(II)-heme
binds specifically to one molecule of protein. Only the∆145
mutant exhibited the characteristic absorbance at 390 nm.
The band around 390 nm observed in the titration of the
∆145 protein is due to a coordinated complex rather than a
nonspecific interaction because it could not be removed by
size exclusion chromatography and, moreover, the free Fe-
(II)-heme complex has a broad Soret absorption at 409.5
nm. A similar absorption peak around 390 nm was observed
in the spectra of heme complexes for another heme sensor
protein, IRP2 (39). These results indicate that both full-length
and ∆145 HRI can bind either Fe(III)-hemin or Fe(II)-
heme in a 1:1 stoichiometry. The second phases are due to
nonspecific binding.

FIGURE 1: Determination of the absolute molecular mass of the full-length (A) and N-terminal truncated mutant proteins,∆85 HRI (B),
∆127 HRI (C), and∆145 HRI (D) by MALS. The molecular mass (dots) was calculated from MALS data and overlaid on the refractive
index chromatogram (solid lines). Light scattering response (the peak of the solid line) directly corresponds with the molecular mass (dots)
of the sample.

Table 1: Molecular Masses (kDa) of Full-Length Wild-Type and
N-Terminal Truncated Mutants As Estimated from Amino Acid
Sequences and As Determined by MALSa

HRI full length ∆85 ∆127 ∆145

theoretical (monomer) 72 63 58 56
SDS-PAGE 93.4 75.8 72.9 70.2
size exclusionb 447 446 342 326
MALS 396 371 167 230
MALS/theoretical 5.5 5.9 2.9 4.1
oligomerization hexamer hexamer trimer trimer

a The state of oligomerization was determined from the ratio of the
mass determined by MALS to the theoretical mass based on the amino
acid sequence.b The mobile phase was the reaction buffer used for
the in vitro kinase assay (20 mM Tris, pH 7.7, 150 mM KCl, and 2
mM magnesium acetate supplemented with 1 mM dithiothreitol), and
the solid phase was Superdex 200 HR 10/30. Protein concentrations
used were approximately 4.5 mg/mL.
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EPR Spectra.To further characterize the axial ligands for
the ferric heme in HRI, we performed EPR measurements
(Figure 4). The full-length wild-type protein has an EPR
spectrum typical of a cysteine thiolate and a histidine
nitrogenous-coordinated (Cys/His) low-spin complex (13).
The EPR spectrum (Figure 4A) of the Fe(III)-hemin
complex of the∆145 mutant protein contains both low- and
high-spin heme signals as observed for cytochrome P450-
type proteins (47, 48, 53). The Fe(III)-∆145 HRI complex
gaveg values of low-spin (g ) 2.42, 2.26, 1.91) and high-
spin species (g ) 6.08). Crystal field analysis of these low-
spin signals gives tetragonality and rhombicity values similar
to those of cytochrome P450 (47, 48), suggesting that Cys
and water/OH- are the axial ligands in the∆145 mutant
(Table 2, Figure 4B). On the basis of EPR parameters, the
axial ligands of the full-length HRI appear to be Cys and
His (13). Because the∆145 mutant lacks the N-terminal
domain, it is reasonable to speculate that the His axial ligand
should be located in the N-terminal domain, whereas the Cys
axial ligand of the full-length HRI enzyme should be located

in the C-terminal region. Removal of the N-terminal domain
in the ∆145 mutant protein should have kept the original
Cys ligand in the C-terminal domain but removed the original
His trans to Cys, forcing it to take on water/OH- as the new
axial ligand.

Heme-Binding Kinetics.To investigate the role of the heme
sensor in HRI function, we studied the association and
dissociation kinetics and their temperature dependence for
full-length HRI (Figure 5). As described above, the full-
length HRI binds Fe(II)-heme and Fe(III)-hemin with a
1:1 stoichiometry. As shown in Figure 5A, the heme
association kinetics fit well to a single-exponential equation,
whereas the heme dissociation kinetics fit to a two-
exponential equation (Figure 5C). We used the fast phase
rate constant for characterizing heme dissociation, whereas
the slower rate appeared to represent protein denaturation
over the course of a long incubation. As summarized in Table
3, the association rate constant (kon) of the heme from HRI
was 1.1× 107 M-1 s-1, which is similar to the values
obtained for other heme-binding proteins (19); however, the

FIGURE 2: Optical absorption spectral changes of Fe(III)-hemin (5µM) [free Fe(III)-hemin, dashed line] upon addition of the full-length
(A) and the∆145 mutant (B) proteins (1µM each). Difference absorption spectral changes of Fe(III)-hemin for the full-length enzyme (10
µM) (C) and the∆145 mutant (10µM) (D) were obtained at the same concentrations of Fe(III)-hemin (1µM each) as for references.
According to the Soret spectral titration plots (closed circles) at 422 (E) and 370 nm (F) for full-length and∆145 mutant proteins, respectively,
both proteins form 1:1 Fe(III)-hemin to protein complexes. The absorption peak at 370 nm is not due to free Fe(III)-hemin, which has
broad Soret peaks around 384 and 364 nm [dashed line in (A)].
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dissociation rate constant (koff) for HRI (1.5× 10-3 s-1) was
much higher than those of myoglobin (8.4× 10-7 s-1) and
the R-subunit of hemoglobin (7.1× 10-6 s-1) (19, 20).
Rather, thekoff value of HRI was close to those of the
His93Gly mutant of myoglobin (1.2× 10-2 s-1), the
â-subunit of hemoglobin (9.4× 10-4 s-1), and bovine serum
albumin (1.1× 10-2 s-1) (19, 20). The activation energy of
HRI, determined from the temperature dependency of the
dissociation rate constant (Figure 5D), was 10.8 kJ mol-1,
which is also lower than the values for myoglobin (40.5 kJ
mol-1) (19) and theR-subunit of hemoglobin (69.1 kJ mol-1)
(20, 27). These results suggest that heme dissociates from
HRI much easier than from myoglobin or hemoglobin.
Therefore, it appears that HRI has an affinity that allows
sensing of the heme concentration in the cell.

Kinase ActiVity. To address the role of the N-terminal
domain in catalysis, we examined the kinase activities of
the full-length wild-type and N-terminal truncated mutant
enzymes of HRI. We did not observe marked differences in
the kinase activities between the full-length and the N-
terminal truncated mutant enzymes (Figure 6A), suggesting
that the N-terminal domain does not play a critical role in
the activity of HRI.

Kinetic Analysis of eIF2R Phosphorylation.We further
analyzed the kinetics of eIF2R phosphorylation by the full-
length wild-type and N-terminal truncated mutant enzymes
to determine the role, if any, of the N-terminal domain in
the catalytic process. Because the kinase reaction catalyzed
by HRI involves two substrates (ATP and eIF2R), we
measured the apparent kinetic parameters for each substrate
(Table 4 and Figure 6B,C). Interestingly, the phosphorylation
of eIF2R showed classical Michaelis-Menten kinetics with
respect to the ATP concentration (Figure 6B), whereas the

kinetics were sigmoidal with respect to the concentration of
eIF2R (Figure 6C), suggesting positive cooperation with
eIF2R. This mechanism was observed for all enzymes
studied, including the full-length wild-type and∆145 mutant
enzymes (Figure 6B,C). These results indicate that deletion
of the N-terminal region does not significantly change the
mechanism of the kinase reaction. Compared with the full-
length enzyme, however, there was an increase in the
maximal enzymatic velocities (Vmax

eIF2R andVmax
ATP values)

and theK0.5
eIF2R for the ∆145 mutant (Table 4). Therefore,

it appears that the N-terminal domain significantly suppresses
catalysis although it also assists in the binding of eIF2R.
Moreover, the Hill coefficient values decreased from ap-
proximately 3.8 for the full-length enzyme to 3.3 for the
∆145 mutant (Figure 6D). This also suggests that the
N-terminal domain participates in the recognition of the
substrate, eIF2R. Because the Hill coefficient describes the
level of cooperation between subunits, the N-terminal domain
increases the cooperativity of HRI with respect to eIF2R.

Inhibition by Heme and Porphyrin DeriVatiVes.HRI works
as a heme-based sensor enzyme wherein increasing the heme
concentration inhibits catalysis. We examined the inhibition
of the full-length wild-type and∆145 mutant enzymes by
Fe(III)-hemin. As seen in Figure 7, we did not observe a
significant difference in the inhibition for the enzymes,
although we did observe a 40% decrease in the IC50 value
for the ∆145 mutant (Table 5). Interestingly, the Fe(III)-
hemin inhibition curves for all tested enzymes were sigmoi-
dal (S-shaped). Therefore, the kinase activity is not affected
at low heme concentrations, but it is switched off at a certain
high heme concentration (above the IC50).

Cells may contain Fe(II)-heme, protoporphyrin IX, and
heme metabolites such as bilirubin and biliverdin, as well

FIGURE 3: Optical absorption spectral change of the full-length (10µM) (A) and ∆145 mutant (10µM) (B) proteins caused by addition of
Fe(II)-heme (1µM each) under anaerobic conditions. Soret spectral titrations monitored at 426 and 425 nm for the full-length (C) and
∆145 mutant (D) proteins, respectively, indicate that both proteins form 1:1 Fe(II)-heme to protein complexes. In (C) and (D), the filled
circles represent the actual spectral changes monitored at 426 and 425 nm for the full-length and∆145 mutant proteins, respectively,
whereas the open circles represent the increase in absorbance of the free Fe(II)-heme.

Heme-Regulated eIF2R Kinase Biochemistry, Vol. 45, No. 32, 20069899



as heme synthesis intermediates such as uroporphyrin,
5-aminolevulinic acid, and coproporphyrin. We therefore
examined how these heme derivatives and other structurally
related compounds influence HRI activity. As summarized
in Table 5, the IC50 for Fe(II)-heme against the full-length
enzyme was 2-fold lower than that for Fe(III)-hemin. Other
heme metabolites only weakly inhibited HRI activity.
Nevertheless, it is interesting that the IC50 values of the heme
metabolites bilirubin and biliverdin were between 20 and
64 µM, which are within the levels found in pathological
conditions (28, 29). In contrast to the sigmoidal Fe(II)-heme
and Fe(III)-hemin inhibition curves, the curves for all other
tested HRI inhibitors were hyperbolic. The findings suggest
that different sites of inhibition and/or mechanisms of
inhibition are utilized by other degradation products and
intermediates, emphasizing the importance of HRI as a heme
sensor enzyme.

Site-Directed Mutagenesis.HRI phosphorylates itself at
multiple sites and phosphorylates eIF2R at Ser51 (3, 14, 18,
30). To understand the role of phosphorylation in the stability
and activity of HRI, we mutated Lys196, which is essential
for ATP binding and catalysis. The Lys196Arg mutant
generated in the present study was very unstable and less
soluble so that stable expression and purification of even a
small amount of the protein was not feasible. This suggests

that autophosphorylation of HRI is important for adequate
solubility in the aqueous media and that the proteins used in
the present study are soluble due to autophosphorylation.

DISCUSSION

The N-Terminal Domain Is Critical for Maintaining the
Oligomeric State.The molecular mass of the full-length HRI
protein calculated by SDS-PAGE in the present study was
93.4 kDa (Table 1), which is higher than the value (72 kDa)
estimated from its amino acid sequence. The increase may
be partly due to added negative charges by multiple auto-
phosphorylation. The phosphorylation is required for the HRI
solubility (3, 14, 18, 30). Similar increase in the molecular
mass calculated by SDS-PAGE was observed for all
N-terminal domain-truncated mutants (Table 1). Furthermore,
chromatography patterns for each protein were single peaks,
suggesting that they are homogeneous.

The state of HRI oligomerization has been a controversial
issue. Several laboratories have reported that the molecular
mass of HRI is 290 kDa (17, 21, 22, 24) or 320 kDa (2),
and one laboratory reported it as 180 kDa (23). A recent
report indicated that HRI is in equilibrium between 420 and
640 kDa forms and that HRI exists as an elongated
homodimer (15). In the current study, the molecular masses
determined by classical size exclusion chromatography were
447, 446, 342, and 326 kDa for the full-length,∆85, ∆127,
and∆145 mutant proteins, respectively. The molecular mass
for the full-length enzyme is close to the recently reported
value of 420 kDa (15). It is suggested that the MALS method
can determine the exact molecular mass of oligomeric
macromolecules such as polymers and proteins in aqueous

FIGURE 4: ESR spectra of the Fe(III)-∆145 mutant HRI proteins
(A) and crystal field analyses ofg values for low-spin Fe(III)
hemoproteins (B). (A) The ESR spectrum of the Fe(III)-∆145 HRI
complex (80µM) in 50 mM Tris-HCl, pH 8.0 (at 25°C), containing
50% glycerol was measured at 25 K. Spectra were accumulated
64 times. Conditions: modulation frequency and amplitude, 100
kHz and 1 mT, respectively; microwave frequency and power,
9.128069 GHz and 5 mW, respectively. (B) Crystal field diagram
for low-spin Fe(III) hemoproteins. The numbers refer to the systems
in Table 4. The areas surrounded by the solid (i), dashed (ii), and
dotted lines (iii) contain His/Cys, His/His, and Cys/water or
hydroxyl anion as the axial ligands, respectively.

Table 2: EPRg Values and Crystal Field Parameters for the
Low-Spin Heme Complexes

g values
crystal field
parameters

hemoproteina g1 g2 g3 |µ/λ| |R/µ| ref

wild-type HRI 2.49 2.28 1.87 5.27 0.45513
∆145 HRI 2.42 2.26 1.91 6.08 0.408 this work
HRI-NTD 3.07 2.25 1.45 3.28 0.50713
HRI-NTD 3.05 2.20 1.46 3.57 0.46640
1. CBS, pH 8.5 2.5 2.3 1.86 5.03 0.41642
2. CBS, pH 8.0, glycerol 2.51 2.33 1.87 4.93 0.36841
3. CBS, pH 6.0 2.51 2.31 1.87 5.05 0.41541
4. CooA 2.46 2.26 1.90 5.84 0.47943-45
5. CooA, H77A 2.42 2.25 1.92 6.33 43
6. CooA, H77Y 2.44 2.25 1.91 6.12 0.47943, 45
7. P450 2.41 2.25 1.92 3.17 0.57147
8. P450ARO 2.40 2.25 1.92 6.39 0.40447
9. P450MIT 2.42 2.26 1.91 6.08 0.40348
10. P450PB+ N-MeIm 2.54 2.26 1.88 5.46 0.60247
11. P450PB+ n-oct amine 2.49 2.25 1.90 5.85 0.57347
12. P450PB+ Metyrapoe 2.48 2.26 1.89 5.72 0.51747
13. HbA+ imidazole 2.92 2.23 1.46 3.17 0.57149
14. myoglobin, pH 9.6 2.93 2.22 1.52 3.55 0.52750
15. cytochromeb5, pH 6.2 3.05 2.22 1.41 3.22 0.50351
16. LHb+ imidazole 2.93 2.27 1.49 3.11 0.59952
17. IRP2 2.47 2.27 1.87 5.37 0.44539

a The numbers correspond with those in Figure 4B. Abbreviations:
HRI-NTD, N-terminal domain of HRI; P450PB, rat liver microsomal
cytochrome P450 induced by phenobarbital; P450ARO, rat liver
microsomal cytochrome P450 induced by Aroclor 1254; P450MIT,
cytochrome P450 in bovine adrenal cortex submitochondrial particles;
N-MeIm, N-methylimidazole; n-oct amine, n-octylamine; LHb,
leghemoglobin.
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media (25, 26). The molecular masses evaluated by the
MALS method were 396, 371, 167, and 230 kDa for the
full-length, ∆85, ∆127, and∆145 mutant enzymes, respec-
tively. The molecular masses estimated from the amino acid
sequences and MALS results suggest that the full-length and
∆85 mutant proteins exist as hexamers. Although the MALS
results indicate that∆127 and∆145 mutant proteins are a
mixture of trimers, tetramers, and larger oligomers, it appears
that they were mostly trimers. This indicates that the
N-terminal domain is critical for maintaining the hexameric
state of the full-length HRI protein. These results agree with
the kinetic analyses in that removal of the N-terminal domain
decreases the cooperativity of HRI with respect to the eIF2R
concentration.

One Molecule of Heme Binds to the Full-Length HRI,
Probably with One Axial Ligand from the N-Terminal
Domain and the Other from the Kinase Domain.Earlier
reports suggested that there are two heme-binding sites in

HRI, one in the N-terminal domain and the other in the
kinase insert region, which lies between two kinase lobes
(37); however, it has not been clear whether HRI binds one
or two molecules of heme. The present study clearly showed
that there is just a single molecule of heme bound to the
full-length HRI. The ratio between full-length HRI and heme
is 1:1 regardless of whether the titrations were performed
using Fe(III)-hemin or Fe(II)-heme. Interestingly, we
demonstrated that one molecule of heme is also bound by
the∆145 mutant (N-terminal domain-deleted mutant). Changes
in the optical absorption spectra accompanied by heme
binding indicated that heme binds specifically to the full-
length enzyme. EPR and optical absorption spectral results
revealed that heme is coordinated to full-length HRI by
cysteine and histidine residues (13, 31). On the other hand,
in the present study, heme binding to the∆145 mutant is
different, resulting in a new species with a Soret peak around
370 and 390 nm for Fe(III)-hemin and Fe(II)-heme

FIGURE 5: Heme-binding kinetics and temperature dependences. (A) Spectral changes accompanying the association of the CO-heme
complex and the full-length enzyme. Association of CO-heme (0.25µM) with different concentrations of full-length HRI (0.5-1.0 µM)
was monitored at 423 nm. The inset shows the spectral changes at 423 nm. (B) The association rate was dependent on the concentration
of full-length HRI. (C) Hemin dissociation from Fe(III)-HRI (3 µM) in the presence of excess apo H64Y/V68F sperm whale myoglobin
(30 µM). The inset shows the spectral changes at 410 nm. (D) Arrhenius plot for the hemin dissociation rate constant vs the temperature.

Table 3: Heme Association and Dissociation Rate Constants for HRI and Other Heme-Binding Proteinsa

kon (M-1 s-1) koff (s-1) Kd (M) ∆E (kJ mol-1) ref

HRI 1.1× 107 1.5× 10-3 1.4× 10-10 10.8 this work
Mb 7.0× 107 8.4× 10-7 1.2× 10-14 40.5 19, 27
Mb H93G 7.0× 107 1.2× 10-2 1.7× 10-10 nr 19
Hb 2.9× 107 7.1× 10-6 (R) 2.5× 10-13 69.1 19, 20, 27

9.4× 10-4 (â) 3.2× 10-11 49.0 19, 20, 27
BSA 5.0× 107 1.1× 10-2 2.2× 10-10 nr 19

a Abbreviations: Mb, sperm whale myoglobin; Mb H93G, the His93Gly mutant of sperm whale myoglobin; Hb, hemoglobin, BSA, bovine
serum albumin; nr, not reported. Note thatkon values were obtained for the Fe(II)-CO complex, whereas thekoff values were obtained for the
Fe(III) complex.
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binding, respectively. We suggest that cysteine in the
C-terminal region, perhaps in the kinase domain, can serve
as an alternative heme axial ligand because EPR spectral
parameters of the Fe(III)-hemin complex of the∆145
mutant are located in the region corresponding to Cys and
water/OH- as axial ligands (Scheme 1 and Figure 4B).

The kinase activity of the∆145 mutant was clearly
inhibited by the addition of heme even though the optical
absorption spectrum showed different binding characteristics
than the full-length HRI enzyme. It is possible that heme
binds to the isolated kinase domain by a specific interaction,
as demonstrated by the spectral change upon binding of heme
by the ∆145 mutant. We suggest that the cysteine ligand
responsible for the ligation of heme in the∆145 mutant is
identical to the cysteine ligand in the full-length HRI that

acts in a trans configuration with respect to the His axial
ligand of the N-terminal domain. Consequently, in the case
of the ∆145 mutant, removal of the His axial ligand by
deletion of the entire N-terminal domain results in emergence
of the Cys coordination, and therefore, the new species
observed in the absorption spectra and the EPR results.

Heme dissociation from the full-length HRI enzyme is fast
compared with the dissociation of myoglobin and hemoglo-
bin. In addition, the activation energy of heme binding to
HRI is lower than that for myoglobin and hemoglobin.
Therefore, it appears that the binding of heme to HRI is
weaker than the binding of myoglobin and hemoglobin,
which is reasonable because HRI is a heme-sensing enzyme.

The N-Terminal Domain Is Not Critical for Catalysis, but
It Interacts with the Kinase Domain.Kinase activities for
the full-length and the N-terminal truncated mutant enzymes
were similar. This suggests that the N-terminal domain is
not critical for catalysis by HRI. This has also been found
for other heme-based sensor enzymes such as soluble
guanylate cyclase (33) andEc DOS (34), where the trunca-
tion of the heme-bound sensor domain does not significantly
affect the catalytic activity.

For the∆145 mutant, we observed a significant increase
in Vmax

eIF2R and in K0.5
eIF2R compared to the full-length

enzyme. The N-terminal domain, therefore, may interact with
the catalytic site to some extent, covering the substrate

FIGURE 6: Kinetic analysis of eIF2R phosphorylation by full-length and the N-terminal domain-deleted HRI. (A) Evaluation of the kinase
activities for the full-length and the N-terminal domain-deleted HRI proteins using eIF2R as a substrate. See details about the kinase assay
in Experimental Procedures. After the samples were subjected to 10% SDS-PAGE proteins were transferred onto poly(vinylidene difluoride)
membranes. The eIF2R and phosphorylated eIF2R proteins were detected by immunoblotting with anti-eIF2R (middle panel) and anti-
phorphorylated eIF2R (bottom panel). The upper panel shows the total amount of full-length and the N-terminal domain-deleted mutant
proteins as detected by staining the transfer membrane with 0.1% amido black. (B, C) Kinetic analysis of eIF2R phosphorylation by full-
length (open circles) and∆145 mutant (open triangle) enzymes. The kinetics are hyperbolic with respect to the ATP concentration (B) and
sigmoidal with respect to the eIF2R concentration (C). (D) Hill plots of kinetics with respect to the eIF2R concentration for the heme-free
full-length (open circle) and∆145 mutant (open triangle) enzymes. Kinetic constants were determined by nonlinear least-squares regression
analysis using the Hill equation (18).

Table 4: ApparentVmax, Km, andK0.5 Values and Hill Coefficients
for ATP and eIF2R for the Full-Length and∆145 Mutant Enzymes

full length ∆145

Vmax
ATP (int units/min) 9600 16000

Km
ATP (µM) 31 30

Vmax
eIF2R (int units/min) 18000 33000

K0.5
eIF2R (µM)a 1.7 2.6

K0.5
eIF2R (µM)b 1.6 2.5

Hill coefficient 3.8 3.3
a K0.5 values were obtained from the sigmoidal dose-response curve.

b K0.5 values were obtained from Hill plots.
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binding site, thereby reducing catalysis and substrate binding.
Yun et al. (38) examined interactions between the N-terminal
domain and the kinase domain and suggested that HRI’s
activity is regulated through modulation of the interaction
between its N-terminal and catalytic domains.

Rafie-Kolpin et al. (37) reported that truncation of the
N-terminal 103 and 130 amino acids of rabbit HRI decreases
the specific activity from 5.64 min-1 for the full-length

enzyme to 3.49 and 2.72 min-1, respectively. Our results,
however, indicate that the turnover number of the∆145
mutant is similar to that of the full-length enzyme and that
Vmax

ATP is increased by truncation of the 144 N-terminal
amino acids of mouse HRI.

Allosteric Effects.Interestingly, the full-length and the
∆145 mutant enzymes are allosterically regulated by the
substrate, eIF2R, but not by the cosubstrate, ATP. As stated
above, full-length HRI is hexameric, whereas the∆145
mutant enzyme is trimeric. Thus, it is reasonable that
interactions between the subunits influence the catalytic
behavior associated with binding of the eIF2R protein but
not the small molecule, ATP. X-ray crystallographic studies
on the PKR-eIF2R complex (54) showed that PKR interacts
with eIF2R via the former’s C-lobe including Thr451,
Thr487, and Glu490, residues that are conserved in all eIF2R
kinases including HRI. Thus, the eIF2R protein may interact
simultaneously with more than one subunit, producing the
positive cooperativity. In addition, site-directed mutagenesis
studies on PKR (55) showed that Thr487 is important for
eIF2R recognition but PKR does not show any cooperativity
with respect to the substrate concentration. Our results seem
to indicate that the cooperativity is a unique characteristic
of HRI.

Inhibition by Heme and Porphyrin DeriVatiVes. The
N-terminal domain-deleted mutant,∆145, was more sensitive
to Fe(III)-hemin inhibition (IC50 ) 6.3 µM) than the full-
length enzyme (IC50 ) 9.5). Thus, when the N-terminal
domain is truncated, it may be easier for Fe(III)-hemin to
inhibit catalysis due to enhanced access to the active site.

Our results further demonstrated that the heme iron is
important for the inhibition of HRI because protoporphyrin

FIGURE 7: Inhibition of full-length (open circle) and∆145 mutant (open triangle) enzymes by Fe(III)-hemin (A), Fe(II)-heme (B), bilirubin
(C), and protoporphyrin IX (D). Inhibitors were dissolved in 0.5µL of 0.1 M NaOH to yield final concentrations of 0.5-100µM. An equal
volume of 0.1 M NaOH alone was added to the control reaction mixture. See details about the kinase assay in Experimental Procedures.

Table 5: IC50 Values (µM) for Hemin and Other Derivatives

full length ∆145

Fe(III)-hemin 9.5 6.3
Fe(II)-heme 4.1 6.4
protoporphyrin IX 22.0 15.8
bilirubin 20.0 21.7
biliverdin 63.9 nd
uroporphyrin 81.8 nd
5-aminolevulinic acid 234 nd
coproporphyrin >500 nd

Scheme 1: Proposed Structures of the Heme-Bound
Wild-Type (Upper) and∆145 Mutant (Lower) HRI Proteins
Based on the Heme-Binding Characteristics and Heme
Coordination Structures Determined in the Current Studies
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IX is much less potent than Fe(III)-hemin and Fe(II)-heme.
The Fe(II) cation has, in general, a higher affinity for nitrogen
ligands than the Fe(III) cation. This accounts for the lower
IC50 value (4.1µM) of Fe(II)-heme than of Fe(III)-hemin
(9.5 µM) for inhibition of the full-length enzyme, in which
we suspect heme is coordinated by His and Cys. In contrast,
heme binding to the isolated kinase domain (∆145 mutant)
appears to be cysteine-like in that it was equally sensitive to
Fe(II)-heme and Fe(III)-hemin. Further studies must be
conducted to address the mechanism of the heme binding to
the ∆145 mutant.

The sigmoidal shape of the inhibition curves for Fe(III)-
hemin and Fe(II)-heme is probably important for the heme-
sensing properties of HRI. A sigmoidal curve means that
the kinase activity is not affected at low heme concentrations
but that higher concentrations cause a rapid and effective
inhibition of the HRI kinase activity, allowing for the
initiation of protein synthesis.

It is also interesting that heme metabolites such as
biliverdin and bilirubin, which are products of heme oxy-
genase and biliverdin reductase, respectively, inhibit HRI.
Under unusual conditions such as acute hepatitis, the
concentration of the heme metabolite bilirubin increases up
to 200µM (35, 36). Therefore, it is possible that accumula-
tion of these heme metabolites in blood can endanger the
subtle balance of protein synthesis. Thus, although a shortage
of heme acts as a signal to activate the HRI kinase and
thereby terminate protein synthesis, heme degradation prod-
ucts can also inhibit HRI, allowing protein synthesis to
proceed. Because HRI is present not only in red blood cells
but also in numerous tissues and organs (10-12), HRI may
regulate protein synthesis in a variety of tissues in response
to heme availability. It is reasonable to speculate, therefore,
that HRI activity is inhibited and that protein synthesis is
strongly influenced by the accumulation of the heme
metabolites in acute disease. Moreover, heme metabolites,
especially bilirubin, are known to be neurotoxic (36). We
speculate that this could be due, at least in part, to an
imbalance in protein synthesis caused by pathological
concentrations of bilirubin.

SUMMARY

In summary, we evaluated the role of the N-terminal
domain in structural and functional properties of HRI. We
found that (i) the N-terminal domain is critical for maintain-
ing the oligomeric state of HRI, (ii) the N-terminal domain
interacts with the kinase domain but is not critical for the
kinase activity, (iii) the N-terminal domain increases the
cooperativity between subunits and probably assists in
substrate recognition, (iv) only a single molecule of heme
binds to the full-length HRI protein, and (v) the heme iron
is coordinated with a histidine residue from the N-terminal
domain and a cysteine residue of the kinase domain.
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