6536 Biochemistry2003,42, 6536-6544

Autophosphorylation of Threonine 485 in the Activation Loop Is Essential for
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ABSTRACT: In heme deficiency, protein synthesis is inhibited by the activation of the heme-regulated elF2
kinase (HRI) through its multiple autophosphorylation. Autophosphorylation sites in HRI were identified
in order to investigate their functions. We found that there were eight major tryptic phosphopeptides of
HRI activated in heme deficiency. In this report we focused on the role of autophosphorylation at Thr483
and Thr485 in the activation loop of HRI. Disruption of the autophosphorylation of Thr485, but not
Thr483, resulted in a lower autokinase activity and locked Thr485Ala HRI in a hypophosphorylated state.
Most importantly, autophosphorylation of Thr485, but not Thr483, was essential for attaining latfede
activity of HRI. In addition, autophosphorylation of Thr485 was necessary for arsenite-induced activation
of the elF2x kinase activity of HRI, while autophosphorylation at Thr483 was not required for activation
by arsenite. The function of Thr490, another conserved Thr residue in the activation loop of HRI, was
also investigated. Mutations of Thr490 to either Ala or Asp resulted in reduced autokinase activity and
loss of elF2 kinase activity in heme deficiency or upon arsenite treatment. Since Thr490 was not identified
as an autophosphorylated site, it is likely that Thr490 itself might be critical for the catalytic activity of
HRI. Importantly, Thr485 was very poorly phosphorylated in Thr490 mutant HRI. Collectively, our results
demonstrate that autophosphorylation of Thr485 is essential for the hyperphosphorylation and activation
of HRI and is required for the acquisition of the etFRinase activity.

In heme deficiency, protein synthesis in reticulocytes is of translational initiation of erythroid cells. In iron-deficient
inhibited by the activation of the heme-regulated @lF2 HRI™~ mice, protein synthesis continues and the heme-free
kinase (HRI} and the subsequent phosphorylation of @F2  globins aggregate and precipitate as inclusions in the red
The activation of HRI is accompanied by its autophospho- blood cell and its precursors, resulting in the accelerated
rylation (1—3). While elF2 is the initiation factor that binds  apoptosis of erythroid precursors in the bone marrow and
GTP and Met-tRNA and forms the 43S preinitiation  spleen. Thus, HRI serves as a feedback inhibitor in the regu-
complex, the recycling of elF2 requires the exchange of GDP |ation of the synthesis af- andf-globins when intracellular
for GTP. Under physiological conditions, the affinity of eIF2  heme concentration declines. This function of HRI ensures
for GDP is 400-fold higher than for GTP. The exchange the balanced synthesis of globin chains and their prosthetic
reaction is catalyzed by elF2B, which is rate I_|m|t|ng and group, heme, in the formation of stable hemoglobin.
present at 1520% of the amount of elF2 in reticulocytes. HRI belongs to the family of elr2 kinases which includes

The phosphorylation of elfe2by its kinases renders elF2B
nonfunctional and shuts off protein synthes3s-6). the double-stranded RNA (d_SRNA) dependent elkihase
We have shown recently by targeted disruption of the HRI (PKR) (8), the GCN2 protein kinased{-11), and the ER
gene in mice that HRI is essential for the translational 'eésidentkinase (PERK]}R, 13). These elFa kinases share
extensive homology in their kinase catalytic domains and

regulation and the survival of erythroid precursors in iron ] -
deficiency {). The rate of protein synthesis in HRt phosphorylate elF2at the serine 51 residu&)( The regula-

reticulocytes is markedly increased in a heme-independenttory domains and mechanisms of each elfienase, how-

manner as compared to the wild-type reticulocytes. In €ver, are very different. PKR is activated by dsRNA bindings

addition, there is an increase in the larger sized polysomesto the two N-terminal dsRNA binding motifs which promote

and decreased el&phosphorylation. These findings provide dimerization and facilitate trans-autophosphorylatibf) 15).

the in vivo evidence for the function of HRI in regulation GCN2 is activated under amino acid starvation conditions

through the C-terminal domain, which closely resembles the
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Activation of these elR2 kinases is accompanied by their toside (IPTG) for HRI expression with the simultaneous
autophosphorylation. PKR are multiply autophosphorylated addition of 4 mCi of f?P]orthophosphoric acid. Following
at three Ser/Thr residues located between the dsRNA bindinginduction, the growth temperature was reduced to°C3
domains and the first kinase domaiR0), seven Ser/Thr  Cells were harveste8 h later by centrifugation and were
residues between the two dsRNA binding domaftts 22), washed once with PBS. Cells were resuspended and lysed
and eight Ser/Thr residues located in the kinase insertionby sonication in a buffer containing 50 mM NgPO,, pH
domain @1). Mutations of all of these Ser/Thr to Ala had 8.0, 300 mM NaCl, 10 mM imidazole, protease inhibitors,
little effect on the elF& kinase activity of PKR. In contrast, 1 mM NaF, 0.1 mM NaVQ, 5 mM 2-mercaptoethanol, and
autophosphorylation of PKR at Thr446 and Thr451 located 10% glycerol. After sonication, Triton X-100 was added to
in the activation loop has been shown to be required for cell lysates to a final concentration of 1% and was incubated
kinase activity both in vivo and in vitra2(l, 23). Similarly, on ice for 15 min. Detergent-treated cell lysates were
GCN2 autophosphorylates at Thr882 and Thr887 in the centrifuged at 160Qf for 60 min at 4°C. The 16000
activation loop, and the mutation of these residues to Ala supernatant was loaded to 2NNTA—agarose column (0.5
also impaired its kinase activity28). mL). The column was washed with 20 mM imidazole in the

Recently, we have shown that the native HRI in reticu- above-described buffer. Bound HRI was eluted with 250 mM
locytes and the recombinant HRI expresse&atherichia imidazole in the same buffer described above. Purified HRI
coli undergo multiple autophosphorylation at Ser, Thr, and was pooled and dialyzed against PBS plus 2 mM dithio-
Tyr residues. This multiple autophosphorylation in heme threitol (DTT) to remove imidiazole and salt.
deficiency occurs in two stages. The first stage autophos-  Separation of the Phosphopeptides by Two-Dimensional
phorylation is required to prevent aggregation of the inactive glectrophoresis and Thin-Layer ChromatograpRyrified
ProHRI. The second stage autophosphorylation is requiredHR| was further separated by 7.5% SBBAGE and
for the formation of the stable, dimeric HRI that is heme- transferred to a nitrocellulose membrane. The membrane was
regulated (heme-reversible HRB4). Using mouse reticu-  exposed to X-ray film to locate theé?P]HRI. The strip
locytes and nucleated erythroid progenitor cells from fetal containing HRI was excised out, incubated with 0.5% PVP-
liver, we have demonstrated recently that HRI is activated 40 in 100 mM acetic acid for 30 min at room temperature,
in response to several cytoplasmic stress conditions such agnd washed five times with distilled-® and then twice
oxidative stress, heat shock, and osmotic shock, in additionyjth 50 mM freshly prepared ammonium bicarbonate, pH
to heme deficiency. Activation of HRI by these stresses is 7.7, HRI in the nitrocellulose was digested with 4D of 1
also achieved through its autophosphorylatia§ (Further-  mg/mL TPCK trypsin in 15Q:L of ammonium bicarbonate
more, molecular chaperones, hsp90 and hsp70, are requiregor 2 h at 37°C. An additional 1QuL of TPCK trypsin was

for the activation of HRI both in heme deficiencgq 27) then added, and HRI was further digested overnight at 37
and upon stress condition®5). °C.

To define the rggulatory function of each of t.he multiple Deionized water (30@L) was added to the tryptic digest.
autophosphorylations of HRI, we have begun to identify these 1,4 sample was vortexed for 1 min and spun for 5 min at

autophosphorylation sites. Here, we report that_the HRIwas 1000 rpm, and the supernatant was transferred to a new
autophosphorylated at Thr483 and Thr485 residues Iocatedmicrofuge tube. The HRI digest was dried in a speed-vac,

in the activation loop. We demonstrated by site-directed 5 the pellet was incubated in 50 of cold performic acid
mutagenesis that autophosphorylation at Thra85, but not¢,. 1  atroom temperature. Samples were then dried in a

Th(4§33, |fs essintlﬁl_ forz the %C‘;Y"%‘“O” of tge. edi-kinase speed-vac, and the dry pellets were washed with distilled
activity of HRI both in heme deficiency and in response t0 \aier several times until no residual salt precipitates

oxidativ_e stress _induced by arsenite. In addi_tior_l, we shqwed remained on the walls of the tubes. The pellets were dissolved
that activated W|Id-_typ_e (Wt) HRI and constitutively active in 300 uL of a pH 1.9 buffer consisting of 1.94% formic
T485D (Asp substitution of Thr485) HRI were no longer acid and 7.8% glacial acetic acid and dried. The dry pellets

regulated by heme. were dissolved in 1@L of the pH 1.9 buffer, and zL of
MATERIALS AND METHODS the samples was Ioadepl onto cellulose thin-layer plates for
phosphopeptide analysis.

Materials. E. coli BL21 cell, pET28a and pTriEx-1 Tryptic peptides of HRI were separated using the Hunter
vectors, and Gene-Juice transfection reagents were obtainethin-layer peptide mapping electrophoresis system as de-
from Novagen. {P]Orthophosphoric acid (28.3 @ihol) scribed by Van Der Geer and Hunte28[. In the first
was purchased from New England Technologies Inc. Sodium dimension, tryptic peptides in cellulose plates were separated
arsenite was from Sigma. NiNTA—agarose was from by electrophoresis at 1250 V for 35 min in a pH 1.9 buffer
Qiagen. Tissue culture media and serum were obtained fromdescribed above. Plates were air-dried and then subjected to
Gibco Life Technologies and HyClone, respectively. The the second dimension thin-layer chromatography in a phos-
horseradish peroxidase conjugated second antibody wasgpho-chromatography buffer consisting of 37.5% 1-butanol,
purchased from Promega. The chemiluminescent reagent959% pyridine, and 7.5% glacial acetic acid for 10 h at room
were from NEN Life Sciences. temperature. The individual phosphopeptide in the thin-layer

Expression and Purification of théP-Labeled HRI in E. plates was extracted as describ28)( The eluted phospho-
coli. Mouse HRI was expressed . coli BL21 cells as peptides were covalently linked to PVDF membrane accord-
described previously2@) with a slight modification. Bacterial ~ ing to the procedure provided by Millipore in the Sequeton
culture (50 mL) was grown at 37C to a cell density 0Psgo AA reagent kit and then subjected to covalent amino acid
= 0.6 and then induced with 1Q0M isopropy! thiogalac- sequencing by the MIT Biopolymer Laboratory.
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Preparation and Expression of HRI Mutanfhe codons
of Thr483 and Thr485 in mouse HRI cDNA were changed A
individually from ACA to either GCA for alanine (A) or
GAC for aspartic acid (D), and the codon for Thr490 was
changed from ACT to GCA for alanine or GAC for aspartic
acid by site-directed mutagenesis and recombinant poly-
merase chain reaction (PCR) techniqu& 80). The recom-
binant PCR products spanned between nucleotides-1138
1894 and were flanked by uniqé@nl andEcdRl sites. After
restriction digests witlEcaRl andKpnl, the cDNA fragments
containing the mutations were subcloned into the pET28a 1% Dimension
baCt_e”al expression vectqr. The correct mutations were Ficure 1: Separation of the tryptic phosphopeptides of in vivo
confirmed by DNA sequencing. These HRI mutants, Wt HRI, |apeled HRI. Mouse HRI was labeled in vivo witf?PJorthophos-
and the previously prepared inactive K196R muta#dj (vere phate during expression i. coli as described in Materials and

expressed ifE. coli BL21 cells as described above either at Methods. Tryptic peptides of HRI were prepared and separated by
13 °C overnight or at 25C for 2 h. two-dimensional thin-layer electrophoresis and chromatography.

L . 32p-labeled peptides were visualized by autoradiography. The major
For expression in mammalian cells, Wt HRI cDNA was  s2p_|gpeled peptides are marked with arrows and letters.

subcloned into the pTriEx-1 vector at thied/HindlIl site.
A Ncd site was introduced at the Bnd of the initiation

codon of the HRI cDNA. AHindlll site was also engineered S described previously by Bauer et @4) elF2x kinase
right before the stop codon in mouse HRI cDNA to allow aSSays were performed using the same amount of HRI protein

expression of HRI with a C-terminal tag. The PCR product and recombinant yeast el&2s the substrate as described

was sequenced to verify that no mistake was introduced Previously @4).

during PCR amplification. The C-terminal tag unfortunately ResyLTS

reduced the expression and activity of HRI when expressed i i

in either E. coli or mammalian cells. To overcome this  Autophosphorylation of Threonines 483 and 485 of Mouse

problem, a stop codon was introduced before the tag byHRI in Vivo. We have previously shown that recombinant
replacing theKpni/Hindill HRI cDNA fragment in the  HRI expressed ire. coli undergoes multiple autophospho-
pTHEX-1 vector with that from the HRI cDNA in the rylation as in native reticulocyteg4). Therefore, mouse HRI

PET28a vector. To prepare the Thr mutants in pTHEX-1 was expressed ik. coliin the absence of exogenous heme

vectors, the mutated HRI cDNAs in pET28a plasmids were and in the presence (_)?ZP]i_norganic phosphate to identify
subcloned throughpnl and Hindlll sites. To prepare the € autophosphorylation sites. The major protein phospho-

inactive K196R mutant, Alcd site was introduced at theé 5 rylated under these conditions_was _HRI that was maximally
end of the initiation codon of K196R HRI. The region autpphosphorylated. The radioactively labeled HRI was
betweenNcd and Kpnl of HRI cDNA was PCR amplified purified by NE _cqu_mn c_hromatograp_hy and process_ed for
and digested witiNca and Kpnl. Wt HRI in pTHEx-1 was exhausted tryptic digestion. The tryptic phosphopeptides of

. ) . HRI were separated by two-dimensional thin-layer electro-
digested withKpnl andNcd enzyme and was replaced with . P
the K196R PCR fragment. phoresis and chromatography. As shown in Figure 1, there

The day before transfection, human embryonic kidney were eight major and several minor tryptic phosphopeptides,

293T cells were plated at 2 1C° cells in six-well plates. 3222::::23 g‘f gwlulgg;e autophosphorylation of HRI in heme

Cells were incubated at 3C overnight. Wt, T483, T485,
T490, and the inactive K196R mutant HRI plasmids-£3

27 Dimension

P-Ser, anti-P-Thr, and anti-P-Tyr antibodies was performed

The major peptides were assigned with letters and were

¢ dinto 2 " . ; subjected to covalent amino acid sequencing which cleaved
uQ) were transfected into 293T cells using Gene-Juice trans- yne amino acid sequentially from the Mierminus. The

fection reagents and the recommended procedure of the Mang e 4yed amino acids were collected, and their radioactivities
ufacturer. Expressions of HRI proteins were analyze#t 24 \yere determined by liquid scintilliation to identify the
48 h after transfection. For arsenite stress, cells were tryp'position of phosphorylated amino acids in the phosphopep-
sinized 24 h after transfection and replated into six-well plates tjje. The patterns of the positions of phosphorylated amino
at 2 x 1P cells per well. Cells were alloyved to gttach to t'he acids of phosphotryptic peptides were then matched to the
plates for 24 h and were then treated with or without sodium amino acid sequence of the predicted tryptic peptides of HRI
arsenite (20QM) for 60 min as described previousI23). which contain phosphorylatable Ser, Thr, or Tyr at the

Lysate Preparation, Western Blot Analysis, and @lF2 positions corresponding to the positions of phosphorylated
Kinase Assayslransfected 293T cells were lysed in 300 amino acids. As shown in Figure 2, the covalent amino acid
500uL of lysis buffer containing 20 mM Tris-HCI (pH 7.4),  sequencing of phosphopeptide D revealed the presence of
50 MM KCI, 2 mM DTT, 1 mM NaEDTA, 1 mM NgVOy, phosphorylated residues at the first and the third amino acids.
1 mM NaF, 1 mMB-glycerophosphate»d protease inhibitor,  The predicted tryptic peptide of mouse HRI composed of
1% NP-40, and 10% glycerol for 15 min af€. Cell debris  amino acids 483495 contains a Thr residue at amino acid
was removed by centrifugation at 10@d@r 5 min at 4°C. 483 (position 1) and a Thr residue at amino acid 485 (position
For determination of the status of HRI phosphorylation, cell 3), matching the position of the phosphorylated amino acid
lysates from an equal number of cells were separated by 7.5%of phosphopeptide D. This is the only match among all HRI
SDS-PAGE and subjected to Western blot analysis of HRI tryptic peptides. Thus, these results demonstrate that HRI is
using anti-HRI antibody as described previousg5)( autophosphorylated at Thr483 and Thr485 in heme deficiency
Western blot analysis of HRI expresseddncoli using anti- when expressed i&. coli.
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Table 1: Conservation of T483 and T485 among HRI from Different Species
HRI VII VIII

483 485 490

1 Mouse -VKIGDFGLACADIIQNADWTNRNGKGTR-—=--- THTSRVGTCLYASPEQLEGSQYGAKS
2 Human -VKIGDFGLACTDILQKNTDWTNRNGKRTP----THTSRVGTCLYASPEQLEGSEYDAKS
3 Rat -VKIGDFGLACADIIQKSADWTNRNGKGTP--~-THTSRVGTCLYASPEQLEGSEYDAKS
4 Rabbit -VKIGDFGLACADIIQKNAARTSRNGERAP----THTSRVGTCLYASPEQLEGSEYDAKS
5 Chicken -VKIGDFGLACKDLLWDDADQWFHTERING1---THTSGVGTCLYASPEQLQGSDYDFKS
6 Xenopus HVRIGDFGLACRDIIQKSRDSWLNKDGSKGA---THTTGVGTCLYAAPEQLKGSRYDFKS
7 Fish HVKIGDFGLACXNIIMDEHEKLPSSSQAGVNPDATHTSGVGTFVYARPEQLEGSRYDSKS
446 451
PKR KRTRSKGTLRYMSPEQI
882 887
GCN2 NLTSAIGTAMYVATEVL
980 985
PERK THTGQVGTKLYMSPEQT

a Sequence alignment of the segment between kinase domains VIl and VIII of HRI from seven species is shown here. Invariable residues among
all species are marked by bold type. In addition, the conserved T483, T485, and T490 in the activation loop are underlined. The equivalents of T485
and T490 of HRI in other elR® kinases, PKR, GCN2, and PERK are also in bold type, underlined, and shown in the bottom.

300 amino acid microsequencing as described above. T483 and
T485 equivalents of rabbit HRI were again identified as
phosphorylation sites of HRI (data not shown).

Thus, Thr483 and Thr485 in HRI were identified to be
autophosphorylated by three independent methods. Thr483
and Thr485 are located in the activation loop of HRI between

kinase domains VIl and VIII and are conserved in HRI from

200

CPM

100

THTS SRV GTO CLY A mammals, chicken, xenopus, and fish (Table 1). However,
only the T485 equivalent is conserved among all elF2
Tryptic Peptide 483-495 kinases (Table 1).

FIGURE 2: T483 and T485 of HRI are autophosphorylated. ~ Autophosphorylation of T485, but Not T483, Is Essential
Phosphopeptide D shown in Figure 1 was subjected to covalentfor the Attainment of the elk2 Kinase Actiity of HRI.

amino acid sequencing. TH& radioactivity in each fraction was  phosphorylation of the Thr residue(s) in the activation loop
p'Oti.edd a?d matchﬁglvxgtsygg amino acid sequence of a yplic )¢ haen ‘shown to be of great importance in many protein
peptice of molise ' kinases such as PKA, CDK2, and MAPRE) as well as
d PKR and GCN2 elR2 kinases 23). We, therefore, have

Phosphopeptides were also enriched by immobilize investigated the functions of the autophosphorylation of T483
metal affinity chromatography3@, 34) and subsequently and T485 by site-directed mutagenesis of these two residues

subjected to mass spectrometry. The increase of the molec-" . .
ular mass by the incorporation of phosphates and in the|nd|V|duaIIy to nonphosphorylatable Ala or negatively charged

multiples of 80 Da above the mass of tryptic peptides Asp that may mimic phosphorylation. The effects of these

permitted us to identify the number of phosphorylation sites mutations |n.HR.I were examined first by expressing the
! . ) : mutant proteins irkE. coli.

in the potential phosphotryptic peptides. For example, we We have shown recently that HRI ies with different
found a molecular mass of a phosphopeptide of 1075.85 Da, € have sho ecently tha SPecies cre

L extents of autophosphorylation can be resolved by SDS
which is 159.9 Da (two phosphates) more than the expected - )
molecular mass of 915.98 Da of the tryptic peptide 482 PAGE and analyzed by anti-HRI Wester signalé, @5).

489 (GTRPEHT*8SR). Thus, these methodologies allowed As reported earlier24, 25), extensively phosphorylated W

. HRI migrated slower than the inactive K196R HRI (Figure
us to further deduce that there were two a“tophos':’hor}."a‘“o”3A). The K196R HRI has a substitution of Lys196 for Arg
sites in this peptide, consistent with the above conclusion of

. in the kinase domain Il and has been shown to be extremely

autophosphorylation at T483 and T485. poorly autophosphorylate@4, 25). T483A and T483D were

We have also identified autophosphorylation sites in rabbit extensively phosphorylated and had an electrophoretic
HRI expressed in Sf9 cells using the baculovirus expression mobility similar to that of Wt HRI (Figure 3A). In contrast,
system. HRI was purified by immunoaffinity chromatography T485A exhibited two phosphorylated species, and both
(18) and autophosphorylated in vitro. The radioactively species had a faster electrophoretic mobility than Wt HRI
labeled HRI was separated by SBBAGE and was then  (Figure 3A). However, T485A still had a slower electro-
excised for in-gel tryptic digest. The tryptic fragments were phoretic mobility than K196R (Figure 3A). Thus, T485A is
separated by HPLC, and tB# radioactivity in each fraction  autophosphorylated to a lesser extent than Wt HRI but is
was measured by liquid scintillation counting. Sevén- autophosphorylated to a greater extent than K196R. This
labeled fractions were obtained. The potential phosphoryla- result indicates that phosphorylation of T485 is not essential
tion sites in these seven fractions were deduced by covalentor the earlier steps of autophosphorylation and may occur
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Wt 483A 483D 485A 485D 196R

(A) HRI e S IR T

(B) P-Ser (TR s . . ——

O ri -

— .
D

(D) P-Tyr .

(E) elF2aP =

Ficure 3: Autophosphorylation of T485 is required for the
autokinase and elfe2kinase activities of HRI. Wt, T483A, T483D,
T485A, T485D, and K196R HRI mutants were expressel.icoli.

The extent of HRI autophosphorylation was examined by 7.5%
SDS-PAGE and Western blot analysis using anti-HRI antibody
(A) and antibodies against P-Ser (B), P-Thr (C), and P-Tyr (D),
respectively. The elR2 kinase activities of Wt and mutant HRI

Rafie-Kolpin et al.

Mock Wit 483A 483D 196R 485A 485D 196R
As + + + + + + v -+
— — —
HRI HMuw . TR .y
elF20P e ————— b

Ficure 4: Autophosphorylation at T485 is essential for the arsenite-
enhanced elR® kinase of HRI. Wt, K196R, T483, and T485
mutants were expressed in 293T cells for 48 h. Cells were then
treated with or without arsenite. The activation of HRI was
examined by 7.5% SDSPAGE and anti-HRI Western blot
analysis. The elR@ kinase activities of Wt and mutant HRI in the
S10 extracts were determined by in vitro edH@nase assays using
an equal amount of HRI proteins. The incorporation®#f into
elF2o. was detected by autoradiography.

increase in elF@P was observed upon expression of HRI
(data not shown). Therefore, the etFRinase activities of

were determined by in vitro protein kinase assays using an equalthe Wt and mutant HRI were determined by in vitro edF2

amount of HRI protein (E).

at a later stage. T485D migrated slightly faster than Wt HRI
but slightly slower than the upper band of T485A. Therefore,
T485D is less autophosphorylated than Wt HRI but more
autophosphorylated than T485A.

The extent of autophosphorylation of HRI was further

validated with antibodies specific to phosphoserine (P-Ser),

kinase assays. As shown in Figure 4, T483A, T483D, and
T485D were active elR2kinases while T485A was inactive
and did not phosphorylate el&ZFigure 4, bottom). These
results indicate that autophosphorylation at T485, but not
T483, is also required for the activation of HRI in mam-
malian cells to obtain its elf2kinase activity. In addition,
T485A was less autophosphorylated than Wt HRI, and most
of T485A expressed was present as a faster migrating species.

phosphothreonine (P-Thr), and phosphotyrosine (P-Tyr) In contrast, T485D was present as a slower migrating species

(Figure 3B-D). T483A and T483D underwent autophos-
phorylation to an extent similar to that of Wt HRI, whereas

like Wt HRI. Thus, these results also demonstrated that
autophosphorylation of T485 is required for the formation

T485A had much less autophosphorylation at Ser, Thr, and of the slower migrating species.
Tyr residues. Substitution of T485 with charged Asp resulted Autophosphorylation at T485 Is Necessary for Arsenite-

in a better autokinase activity than T485A, although the
activity was still significantly less than Wt HRI. These results
indicate that phosphorylation of T483 is not essential for HRI

Induced Actation of elF2x Kinase Actiity of HRI. We have
shown recently that HRI can be activated by autophospho-
rylation during stresses other than heme deficiency. It is the

autokinase activity while autophosphorylation of HRI at T485 only elF2x kinase activated by arsenite treatment in erythroid
is necessary for a higher autokinase activity and the upshiftcells ©5). To determine whether autophosphorylation at

to hyperphosphorylated HRI.

The elF2x kinase activities of these mutant HRI were
measured by in vitro elf2kinase assays. Our results showed
that T483A, T483D, and T485D were active etFRinases
like Wt HRI (Figure 3E). However, the T485A, like K196R,

T483 and T485 was involved in stress activation of HRI,
293T cells expressing these mutant HRI were treated with
arsenite. As shown in Figure 4 (top), Wt HRI was upshifted
completely upon arsenite treatment, indicating further auto-
phosphorylation of HRI. The same observations were made

had no elF& kinase activity. These results demonstrate that for T483A and T483D. But this is not the case for the

autophosphorylation of HRI at T485, but not T483, is
required for attaining the elle2kinase activity.

To further establish the physiological functions of auto-
phosphorylation of T483 and T485 of HRI, these mutant HRI

inactive K196R HRI which was not upshifted at all by
arsenite treatment as shown previoust)( These results
demonstrate that HRI is hyperphosphorylated upon arsenite
activation by autophosphorylation in 293T cells as shown

were also expressed in human embryonic kidney 293T cells.previously in Chinese hamster cell85]. In addition, the
T483A, T483D, and T485D were expressed at levels similar elF2o. kinase activities of the Wt, T483A, and T483D

to that of the Wt HRI. In contrast, the T485A was expressed increased upon treatment with arsenite. These results indicate
at a level much higher than Wt HRI and was similar to that that autophosphorylation at T483 is not required for arsenite-
of the inactive K196R (Figure 4, top). Previously, we have induced activation of HRI since T483A is activated by
shown that Wt HRI expressed in Sf9 cells acts as an inhibitor arsenite in a manner similar to Wt HRI.

of protein synthesis and shuts off its own synthe&6).(

Interestingly, the majority of T485A was also upshifted

Thus, less active or inactive HRI is expressed at a higher upon arsenite treatment. As expected, T485D was upshifted

level than the active Wt HRI. The high-level expression of
the T485A suggests that it is less active than Wt HRI. This
conclusion is further validated by in vitro el&Xinase assays
of the Wt and mutant HRI.

There was endogenous elkERinase in 293T cells, most
likely PKR, which was activated by arsenite. The level of
phosphorylated elf2was maximally elevated in the mock
transfection without the overexpression of HRI. No further

and hyperphosphorylated like Wt HRI (Figure 4, top). These
results show that autophosphorylation at residues other than
T485 occurs upon arsenite activation of HRI and that T485
autophosphorylation is not required for further autophos-
phorylation upon arsenite activation. However, T485A
remained inactive without elle2kinase activity upon arsenite
treatment (Figure 4, bottom). Thus, autophosphorylation at
T485 is also essential for attaining etiFRinase activity upon
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(A) E. coli (B) 293T Wt 483A 483D 485A 485D 196R Wt 490A 490D

Wi 490A 450D T485P HRI W8 “ o ‘

HRI “=pawese
B Mock Wit 4904 4900 196R

PSer e mm— - ¢ -+ 4 o Total HRI Wi == GNP o '"

— T AR e HRI

P-Thr S e w— FIGURE 6: T485 is autophosphorylated at the last stage of HRI
activation. Wt and mutant HRI were expressedEircoli. The cell
P-Tyr e e ” S aF2ep lysates were separated by 7.5% SIFAGE and analyzed for T485
elF-20P o phosphorylation and total HRI protein using antibody specific for

the phosphorylayted T485 (T485P) HRI (top) and anti-HRI antibody
Ficure 5: T490 is required for the last stage autophosphorylation (bottom), respectively.
of HRI and the activation of elk® kinase activity. T490A and

T490D HRI were expressed iB. coli (A) or in 293T cells and 120
then treated with or without arsenite (B). The extent of HRI - —— W25
autophosphorylation was analyzed by Western blot analysis using $ 100 —a— Wt 13
anti-HRI antibody and anti P-Ser, P-Thr, and P-Tyr antibodies as T o Tabn
indicated. elF& kinase activities of Wt and mutant HRI were £ 80
determined as described in the legend of Figure 3. =
5 60
arsenite treatment. It is interesting to note that the elF2 -E_
kinase activity of T485D was not increased by arsenite even g 4
though additional autophosphorylation occurs as Wt HRI. ""5 20
This result indicates that T485D is constitutively active and 2
further supports the above notion that T485 phosphorylation E 0
is essential for obtaining elle2kinase activity. 0 2 4 6
T490 Is Critical for Autophosphorylation and Aggition Hemin (uM)

of HRI. In addition tO.T483 an_d T.485' there is another FiIGure 7: Loss of heme regulation of activated hyperphosphory-
conserved '_I'hr, T490, in the_ activation loop of HRI (Table |5ted HRI. Wt and T485D HRI were expressed at 13 or°g5

1). The equivalents of T490 in PKR (Thr451) and in GCN2  gvernight inE. coli. Inhibitions of elF2x kinase activities of Wt
(Thr887) have been shown to be important for PKR and and mutant HRI by heme were determined by preincubation of equal
GCN2 activities 23). We have investigated the function of ~amounts of HRI protein with various concentrations of hemin§0
the T490 in mouse HRI by site-directed mutagenesis to eitherg:\ég)rgggpﬂgrﬁaﬂgﬁs\?v :rses?/)i/ssﬁ;ihzigxtt)?/n;sugrg];(;gg%ﬁsnacr)1fd
Ala or Asp. Like T4,85A' b(?t,h T490A and T490D had a quantitaed by scintillation counting of the gel slices corresponding
faster electrophoretic mobility than the Wt HRI when to elFax. The amount of32P radioactivity of elF& at zero
expressed irkE. coli (Figure 5A). Both T490A and T490D  concentration of hemin was defined as 100%.

were also less autophosphorylated than the Wt HRI at Ser,

Thr, and Tyr. In addition, both of these mutant HRI were Figure 6 (top), anti-T485P HRI antibody was specific for
inactive elF2. kinases. These results demonstrate that T490 HRI phosphorylated at T485. It recognized Wt, T483A, and
is required for a high autokinase activity and the elfkihase T483D HRI. However, this antibody did not recognize
activity of HRI. Therefore, like T485A, T490A and T490D T485A HRI, which could not undergo autophosphorylation
are less autophosphorylated and cannot undergo the last stagat T485 because of the substitution of Ala for Thr, even
of autophosphorylation which is necessary for attaining though there was T485A protein present as detected by anti-
elF2a kinase activity. HRI antibody which recognized all forms of HRI (Figure 6,

When expressed in mammalian 293T cells, T490A and bottom). Interestingly, anti-T485P antibody also recognized
T490D also had little to no elf2kinase activity even upon  T485D HRI, albeit to a much lesser extent. Most importantly,
arsenite treatment (Figure 5B). Furthermore, both T490A and T485P antibody did not interact with the faster migrating
T490D underwent less autophosphorylation and migrated and less autophosphorylated HRI species seen in K196R,
slower than Wt HRI. Only a fraction of T490 mutant HRI  T490A, and T490D. Furthermore, T490A and T490D were
was upshifted and further phosphorylated upon arsenitevery poorly autophosphorylated at T485 as compared to W,
treatment. These results showed that T490 was also required483A, and T483D HRI. This poor autophosphorylation at
for increased elR kinase activity and autokinase activity T485 of T490A and T490D HRI correlates with their poor
of HRI in response to arsenite. Since T490 is not identified elF2o. kinase activities, providing further support for the
as an autophosphorylated site, it seems that the T490 residu@bove conclusion (Figure 4) that autophosphorylation at T485
itself may be critical for catalytic kinase activity and may is essential in order to attain the etFXinase activity of
not be regulated by autophosphorylation. This conclusion is HRI. Together, these results demonstrate that HRI is indeed
consistent with the result that Asp substitution at T490 is autophosphorylated at T485 and that autophosphorylation at
inactive (Figure 5), in contrast to T485D which is constitu- this site is essential for hyperphosphorylation and activation
tively active (Figures 3 and 4). of HRI.

T485 Phosphorylation Is Essential for the Hyperphos-  Loss of Heme Regulation of Agited HRI.We have
phorylation and Actiation of HRI. To determine whether  observed that HRI expressed mB. coli at 13 °C was
T485 was autophosphorylated in mutant HRI, an antibody hyperphosphorylated and completely upshifted as compared
raised against the HRI peptide phosphorylated at T485 to the HRI expressed at 2&. Interestingly, the elF2kinase
(KGTRTHT*JP]SRVGTC) was used to analyze which activity of the HRI expressed at & became insensitive
species of HRI was phosphorylated at T485. As shown in to heme regulation, in contrast to HRI expressed at@5
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Ficure 8: A model of the activation of HRI by multiple autophosphorylation in three stages.

(Figure 7). The apparet; of hemin increased 20-fold to 5
uM for 13 °C Wt HRI as compared to the appardftof
0.2 uM for 25 °C Wt HRI. Thus, the activated hyperphos-
phorylated HRI is not regulated by heme.

The heme regulation of T483A, T483D, and T485D HRI

the T882 in GCN2, has also been reported to be important
for their activities 23). Thus, HRI, and more generally the
elF2o kinase family, belongs to the family of kinases that
is activated by autophosphorylation in the activation loop.
Most importantly, our present study demonstrates that this

has also been examined. T485A was inactive, and the hemeautophosphorylation of T485 occurs at the late stage of

regulation of elF& kinase activity could not be examined.
The heme regulations of T483A and T483D were similar to
that of the Wt HRI (data not shown). T485D expressed at
either 13 or 25°C, however, was relatively insensitive to

multiple phosphorylation of HRI and is essential for the
activation of the elF& kinase activity of HRI (Figures 3
and 6).

In addition to T485, equivalents of the T490 of HRI are

heme (Figure 7) These results demonstrate that T485D iSa|50 conserved among all eléeXinases (Tab|e 1) and are

constitutively active and is no longer downregulated by heme,
like activated Wt HRI expressed at 28.

DISCUSSION

Although HRI has been known to undergo multiple
autophosphorylation in heme deficien@4( 31, 32), little

»important for kinase activities of PKR and GCN23].
Mutation of T490 of HRI to either Ala or Asp resulted in
reduced autokinase activity (Figure 5). T490A and T490D,
like T485A, do not undergo maximal autophosphorylation
(Figure 4) and are locked as species Il (see model in Figure
8); therefore, they lack elfe2kinase activity. Since T490

is known about the autophosphorylation sites and their roles has not been identified as an autophosphorylation site of HRI,

in the activation of HRI. In this report, we show that residues
T483 and T485, located in the activation loop of HRI, are
autophosphorylated (Figures 1 and 2). In addition, we

it is most likely that T490 per se may be critical for the
catalytic activity. This position of T490 is conserved as Thr
or Ser in all serine/threonine protein kinases. In the case of

demonstrate that autophosphorylation at T485, but not T483,PKA, this conserved T201 is not phosphorylated, and the

is required for the activation of the el&Xkinase activity of

T201A mutant protein is also inactive3g). The crystal-

HRI in response to both heme deficiency and oxidative stresslographic model of PKA shows that the hydroxyl group of

induced by arsenite (Figures 3 and 4).
Protein kinases form the largest known protein family and

T201 is within the hydrogen-bonding distance from thesNH
group of Lys168. Lys168 is in contact of thephosphate

have conserved amino acids in 11 kinase domains. These?f ATP and is essential for phosphoryl transferase activity.
conserved residues are important for the structure and!n addition, T201 also bridges Lys168 to Asp166, which

function of the kinases3g). It has been shown that the
catalytic activities of many protein kinases such as PKA,
CDK2, and MAPK require phosphorylation of amino acid
residues between domains VII and VIII known as the
“activation loop” 37). The conformational changes induced
by phosphorylation in this region play an important role in
the conversion of inactive protein kinases to active protein

orients the substrate hydroxyl group to accept hghos-
phate. Thus, T201 in pKA and its equivalent T490 in HRI
are integral parts of the active site of protein kinases and
are essential for the phosphotransferase activity of autophos-
phorylation and heterophosphorylation of the substrate as
well as for anchoring the substrate39).

Although we have identified that T483 of HRI is auto-

kinases. Phosphorylation of these residues results in the reliefphosphorylated, substitution of this residue to Ala or Asp
of steric hindrance and stimulates binding of ATP, the does not alter the autokinase or elF2a kinase activity (Figure
binding of the peptide substrate, or the phosphoryl transfer 3). There is also no detectable difference in heme regulation
reaction itself 87). Autophosphorylation of the HRI T485 or activation by arsenite (Figure 4). However, Thr483 is
equivalents in other elk2 kinases, the T446 in PKR and completely conserved in all known sequences of HRI from
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fish to human (Table 1), suggesting an important role of this
residue in the structure and function of HRI. The role of
T483 autophosphorylation remains to be investigated. In-
terestingly, both T483A and T483D have higher eiKihase
activities than Wt or T485D HRI (Figures 3 and 4). The
exact mechanism of how T483 mutation increases @lF2
kinase activities is not clear. It may be due to increased elF2
binding to the mutant HRI or increased phosphotransferase
activity of the mutant proteins.

Upon arsenite treatment, Wt HRI is activated by further
autophosphorylation, including that of the T485 residue, and
subsequently its elk2kinase activity is increased. Although
T485D also undergoes further autophosphorylation and is
upshifted upon arsenite treatment, the ellikthase activity
of T485D is not increased (Figure 4). Furthermore, T485D
is not regulated by heme (Figure 7) and is, therefore,
constitutively active.

The activation of HRI in heme deficiency from inactive
ProHRI to heme-reversible HRI and heme-irreversible HRI

has been speculated and described in earlier studies in the

1970s (reviewed in ref0). Our recent and present studies
have begun to assign molecular identities to these various
forms of HRI and to elucidate the molecular mechanism
leading to the activation of HRI in heme deficiency to
balance the globin synthesis according to heme availability.
On the basis of our findings in this study and previous
studies, we propose that newly synthesized HRI is rapidly
dimerized and undergoes intermolecular multiple autophos-
phorylation in three stages (Figure 8). In the first stage,
autophosphorylation of newly synthesized HRI stabilizes the
ProHRI (species I) against aggregation. Although ProHRI
is an active autokinase, it still lacks elicXinase activity.
Additional multiple autophosphorylation in the second stage
is required for the formation of stable dimeric heme-
reversible HRI (species II). While the formation of stable
heme-reversible HRI is achieved through autophosphoryla-
tion, hsp 90 and its cohort are also necessary for the
acquisition of the autokinase activity of HR2&, 41, 42).
In heme abundance, heme binds to the heme-binding site in
the kinase insertion and represses the activation of HRI
through intersubunit disulfide formation. In the absence of
heme, heme-reversible HRI undergoes the third and final
stage of multiple autophosphorylation at sites including the
critical T485 residue and attains elicRinase activity. This
hyperphosphorylated HRI is no longer regulated by heme.
Autophosphorylation of HRI at residue T485 is, therefore, a
committing step in which the heme-reversible HRI is
converted to the heme-irreversible HRI. We suggest that this
activated HRI may be inactivated by proteolytic degradation
(Figure 8). We found no evidence for the dephosphorylation
of activated HRI. No slower migrating and, thus, less

phosphorylated HRI was seen; rather, a decrease in the

amount of HRI was observed upon arsenite treatment. This
conclusion is consistent with the earlier observation by Hunt
that autophosphorylated HRI is very stable and is not
dephosphorylated when added to reticulocyte lysad€s (
We have shown previously that HRI undergoes multiple

autophosphorylations at Ser, Thr, and Tyr residues in stages

(24). As shown here in our model, autophosphorylation at
each stage provides specific functions for the stability,
solubility, heme regulation, and autokinase and elkibhase
activity of HRI. In addition to T483 and T485, other

Biochemistry, Vol. 42, No. 21, 20035543

autophosphorylated residues in HRI, as seen in Figure 1, have
also been identified. The roles of autophosphorylation of
these residues in the regulation of HRI are currently under
investigation.
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