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ABSTRACT. In heme-deficient reticulocytes, protein synthesis is inhibited due to the activation of heme-
regulated elF@ kinase (HRI). Activation of HRI is accompanied by its phosphorylation. We have
investigated the role of autophosphorylation in the formation of active and stable HRI. Two autophos-
phorylated species of recombinant HRI expresseé&soherichia coliwere resolved by SDSPAGE.

Both species of HRI were multiply autophosphorylated on serine, threonine, and to a lesser degree also
tyrosine residues. Species Il HRI exhibited a much higher extent of autophosphorylation and thus migrates
slower in SDS-PAGE than species | HRI. Similarly, HRI naturally present in reticulocytes also exhibited
these species with different degrees of phosphorylation. Importantly, in heme-deficient intact reticulocytes,
inactive species | HRI was converted completely into species Il. We further separated and characterized
these two species biochemically. We found that species | was inactive and had a tendency to aggregate
while the more extensively autophosphorylated species Il was an active heme-regulatekieds2

and stable homodimer. Our results strongly suggest that autophosphorylation regulates HRI in a two-
stage mechanism. In the first stage, autophosphorylation of newly synthesized HRI stabilizes species |
HRI against aggregation. Although species | is an active autokinase, it is still without kif@se activity.
Additional multiple autophosphorylation in the second stage is required for the formation of stable dimeric
HRI (species Il) with elF& kinase activity that is regulated by heme.

In heme deficiency, protein synthesis in reticulocytes is such as heat shock, oxidative stress, and the presence of
inhibited by phosphorylation of the-subunit of the eukaryo-  denatured proteins, sulfhydryl reagents, and heavy metal ions
tic initiation factor 2 (elF2) as the result of the activation have been shown to activate HRI in reticulocyte lysates
of heme-regulated elfe2kinase (HRI; reviewed in ret). (reviewed in refs8—10). However, the mechanism of HRI
This phosphorylated elF2 binds with high affinity to elF2B, activation is not yet known.

thereby inhibiting the GTP/GDP exchanging activity of |n addition to HRI, three other eukaryotic elEXinases
elF2B which is required for the recycling of eIF2 in  have been cloned and characterized. The double-stranded
translational initiaton. Since elF2B is limiting, phosphory- RNA-dependent protein kinase (PKR) is present in most
lation of a fraction of elF@ is sufficient to inactivate all  mammalian cells at a low constitutive level (reviewed in refs
available elF2B and halt translatio8, (feviewed in ref3). 10 and 11). The pancreatic elfR2 kinase (PEK) 12),

HRI is expressed predominantly in immature erythroid identical to PERK {3), which resides in the endoplasmatic
cells, i.e., reticulocytes and bone marrod).(One of its  reticulum (ER) is found in the rat, mouse, humBmosophila
physiological roles is to regulate protein synthesis according melanogasterand Caenorhabditis elegand4). GCN2 has
to heme availability (reviewed in reff). In the presence of  peen identified in yeastl6), as well asD. melanogaster
heme HRI is inactive. The inactive state is maintained by (16), Neurospora crassg17), and mammals 1g). The
intersubunit disulfide bond formation promoted by the highest levels of PEK and GCN2 occur in secretory tissues
binding of heme%, 6). Heme binds to the regulatory heme- (13 14) and in liver and brainX8), respectively.
binding site recently identified in the kinase insertion domain These elF@ kinases share extensive homology within

(7). In addition to heme deficiency, various other conditions catalytic domainsi2, 13, 19—23) and phosphorylate el2
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unit of eukaryotic initiation factor 2; Wt, wild type; K196R HRI,  26) and has been implicated in many cellular processes such
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double-stranded RNA-dependent protein kinase; ER, endoplasmaticViewed in refsl1and27). PEK responds to ER stress signal
reticulum; DTT, 1,4-dithiothreitol. and has a lumenal domain which resembles the stress-sensory
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domain of the ER-resident kinase, Irel3]. GCN2 is
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of 0.6 and then induced with 1QfM IPTG for the indicated

activated under amino acid and other nutrient starvation time periods. Cells from 2.5 mL cultures were harvested by

through a C-terminal domain that contains a His-tRNA
synthase-like sequence (reviewed in 2§J.

For each of these ellekinases, activation is accompanied
by autophosphorylation. Following dimerization, PKR under-
goes intermolecular autophosphorylati@®,(30) on several
serine and threonine residuell). Mutation of Thr258 to

centrifugation at 1600 for 20 s at 4°C and lysed by
sonication in 1.5 mL of lysis buffer containing 50 mM
sodium phosphate buffer, pH 8.0, 300 mM NacCl, and 10
mM imidazole. Cell lysates were centrifuged at 16§®6r

15 min at 4°C. Pellets were resuspended in 1.5 mL of lysis
buffer and were washed with 0.5 mL of lysis buffer three

alanine reduces but does not abrogate PKR function, andtimes. Where indicated, fractionation of soluble HRI by
mutation of two additional autophosphorylation sites, Ser242 10000@ centrifugation was performedf@ h at 4°C.

and Thr255, to alanine further attenuates its kinase activity.

Phosphoamino Acid Analysi8louse HRI was labeled

Site-directed mutagenesis studies indicate that Thr446 andwith 2.5 mCi of F2P]R orthophosphate (28.3 @imol) during

Thr451 in the activation loop are required for high-level
kinase activity in vivo and in vitro 32, 33). Mutational

expression in 50 mL of culture f® h at 13°C. Cells were
harvested and lysed as described above. HRI was separated

analysis also showed that GCN2 autophosphorylation occurson a 7.5% preparative SB$olyacrylamide gel and was

on Thr882 and Thr887 in the activation lodg2j. Interest-

transferred to a PVDF membrane. Radiolabeled HRI was

ingly, both threonine residues are conserved in subdomainexcised from the PVDF membrane and hydrolyzed with 6

VIl of all elF2a kinases 13, 32). The activation of HRI is
also accompanied by its phosphorylation. Uma et 24) (

have shown that, in heme-deficient reticulocyte lysates,
newly translated recombinant HRI undergoes autophos-

phorylation and is transformed into active etFXinase.
However, the role of autophosphorylation in the regulation
of HRI in intact cells remains to be determined.

In this study, we investigated the different species of HRI
in intact reticulocytes in vivo with particular focus on

M HCI at 110°C for 60 min. The liquid hydrolysate was
dried by Speedvac and reconstituted in distilledOH
Hydrolyzed phosphoamino acids were separated by two-
dimensional thin-layer electrophoresis as descrit3§)l. (
Protein Kinase Assays and Western Blot AnalyRistein
kinase assays of HRI were performed as described previously
(5) using purified rabbit elF2 or recombinant yeast (ktis)
elF20 (37) as a substrate. Cell lysates, supernatant and pellet
fractions of 16009 or 10000@ centrifugation, or purified

autophosphorylation in the production of active and stable HRI were separated by 10% SBE8AGE and transferred

HRI. We found that multiple autophosphorylation of HRI

to the nitrocellulose membrane using a mini trans-blot

on serine, threonine, and tyrosine residues occurs at twotransfer cell at 80 V, 4C, for 2 h. The blots were blocked
stages. Autophosphorylation at the first stage is required to With 5% bovine serum albumin in TBST [10 mM Tris-HCI,

prevent rapid aggregation of HRI. The second stage auto-

phopshorylation of HRI is required for its elé&2kinase
activity and stabilization of HRI as a homodimer.

EXPERIMENTAL PROCEDURES

Materials. Escherichia colBL21 cells and pET28a vector
were obtained from Novagen. Isopropgip-thiogalacto-
pyranoside (IPTG) and imidazole were obtained from Sigma.
The rTEV protease was from Gibco Life Technologies, and
the nitrocellulose membrane was from Schleicher & Schuell.

The antibodies were purchased from Pharmacia Biotech [anti-

(His)s monoclonal antibody], Zymed (anti-phosphoserine
polyclonal antibody, anti-phosphothreonine monoclonal anti-
body), Upstate Biotechnology (anti-phosphotyrosine mono-

pH 7.4, 0.9% NaCl (TBS), 0.05% Tween 20] for 30 min at
room temperature and incubated 8h atroom temperature
with anti-(His monoclonal antibody, anti-phosphoserine
polyclonal antibody, anti-phosphothreonine monoclonal anti-
body, or anti-phosphotyrosine monoclonal antibody. Blots
to be processed with anti-mouse HRI antibody were blocked
first with 5% nonfat milk in TBS containing 0.5% Tween
20 for 1 h atroom temperature and then incubated with
antibody fao 1 h atroom temperature. Anti-elfedP) and
anti-elF2x antibodies were used according to r88 and
39, respectively. Immunoreactive proteins were visualized
with chemiluminescent reagents after incubation with horse-
radish peroxidase conjugated second antibody.
Purification of (Hisy-HRI by N?*—Agarose Chromatog-
raphy. Soluble (His}-HRI from 1600@ supernatant was

clonal antibody), and Promega (horseradish peroxidasepyrified from a 250 mL expression (5 h at 226) using
conjugated second antibody). The chemiluminescent reagen i2*—agarose column chromatography. Cell lysate prepared

was from NEN Life Sciences. The HiTrapQ column was
obtained from Amersham Pharmacia Biotech.

Subcloning of Mouse HRI cDNA into the Bacterial
Expression Vector and Generation of K196R Mutant HRI.
Mouse HRI cDNA was cloned from mouse erythroleukemic

as described above was loaded onto 0.5 mL &f Nagarose
matrix at a flow rate of 0.5 mL/min. The column was washed
with 5 mL of 50 mM sodium phosphate buffer, pH 8.0,
containing 300 mM NaCl and 20 mM imidazole. HRI was
eluted with 500 mM imidazole in 50 mM sodium phosphate

cells and will be published elsewhere. The full-length mouse (pH 8.0) and 300 mM NacCl. Insoluble (HisHRI from a

HRI cDNA was subcloned into pET28a vector with a
N-terminal (His} tag. The K196R point mutation of mouse

500 mL expression (3 h at 3T) was solubilized with 8 M
urea. The urea denatured (Hi$)RI was dialyzed stepwise

HRI was produced by site-directed mutagenesis as describechgainst decreasing concentrations of urea (6 M, 4 M, 2 M)

previously @5) and confirmed by sequencing. Position 196
in mouse HRI corresponds to position 199 in rabbit HRI
due to a three amino acid deletion in the N-terminal domain.
Expression of HRI in E. coli BL21 CellsVild-type (Wt)
and mutant K196R HRI were expressedEircoli BL21 cells.
Bacterial cultures were grown at 37 or 225 to an ORo

and finally phosphate-buffered saline (PBS) containing 10%
glycerol and 10 mM 2-mercaptoethanol. Insoluble HRI was
then purified using Nif—agarose column chromatography
under native conditions as described above.

CD SpectroscopyCD spectra of purified soluble and
insoluble HRI were obtained using the circular dichroism
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spectrometer model 202 from Aviv Instruments, Inc. (Lake- Supernatants Pellets
wood, NJ). Proteins (24M in 50 mM phosphate buffer, 24 6 8102 24 6hr
pH 7.8) were placed in a 0.2 cm cell length cuvette, and (A) HRI e L L
spectra were obtained at°€ by scanning from 185 to 300 N

nm at 6 s/nm with a bandwidth of 1.0 nm and a resolution
of 0.2 nm. For the spectrum of heme-bound HRI, HRI was
saturated with 10@M heme (15 min at 30C). Excess free y i -
heme was removed by dialysis against 50 mM phosphate © PThe e -"!ﬁf-
buffer, pH 7.8. i

Sephacryl S-400 Column Chromatograptsephacryl
S-400 column chromatography was performed using-a 1
50 cm column with a buffer containing 30 mM Tris, pH
7.6, 50 mM KCI, 0.1 mM EDTA, 10% glycerol, 2 mM DTT,
and 0.1% Triton X-100. Fractions of 1 mL were collected.
The column was calibrated with the following molecular size Ficure 1: Multiple autophosphorylation of soluble HRI. HRI was
standards: thyroglobulin (670 kDa), ferritin (440 kDa), expressed irE. coli at 22.5°C for the indicated time periods as

catalase (230 kDa), aldolase (150 kDa), and hemoglobin (640|es<3f“09td i? (lfsﬁpefi?entﬁ tpgg;iefduffs- Equal Volubmest %f é@%%%/
; supernatan and pelle ractions were subjected to Q)
kDa). The void (8x 10° Da) eluted at 14 mL. SDS-PAGE. The amount of expressed HRI at each time point was

Preparation of Lysates from Mouse Reticulocyt€be determined by Western blot analysis using anti-HRI N-terminus
generation of HRI~ mice and the preparation of mouse antibody (panel A). The two soluble HRI species are designated
reticulocyte lysates will be published elsewhere. In brief, as I and I, and the insoluble HRI in the pellet is also marked. The

o ) _ .~ extent of HRI autophosphorylation was assessed using anti-
blood of phenylhydrazine-treated, 14-week-old male mice phosphoserine (panel B), anti-phosphothreonine (panel C), and anti-

containing 90% reticulocytes was washed three times with phosphotyrosine (panel D) antibodies. Autokinase (panel E) and
PBS supplemented with 0.09% glucose and lysed with an elF2x kinase (panel F) activities of HRI in the supernatants and
equal volume of ice-cold, autoclaved deionized water in ice pellets were also analyzed.

for 15 min. Reticulocyte lysates were prepared by centrifuga- =~ ) o
tion at 1600@ (4 °C) for 30 min. migrating soluble HRI; species Il was the slower migrating

form. Species | was produced first followed by the appear-
ance of species Il. Insoluble HRI migrates slightly faster than
soluble HRI species I.

Phosphorylation states of the various species of HRI were
examined by Western blot analysis using antibodies raised

for 3 h at 4°C. The supernatant was diluted 10-fold with against phosp_hoserine (P—Ser), phosphothreonine (P-Thr), and
buffer containing 20 ml\el Tris, pH 8.0, 0.2 M NaCl, 1 mM phosphotyrpsme (P-Tyn) (Flgure ED.)' Recombinant HRI
EDTA, 10% glycerol, and 5 mM DTT, filtered through a was the major phosphoproteinkn coli extracts. The slower

0.45um filter, and loaded onto the column. The column was migrating spgcies Il was .extens.ively phosphorylatgd on
washed witr; 12 mL of the same buffer. Elutions were serine, threonine, and tyrosine residues. The faster migrating

performed with 12 mL each of the buffer with 0.2, 0.3, 0.35 species | was also multiply phosphorylated on serine,
0.4 am 1 M NaCl. Fractions of 0.75 mL were ,coIIe’cted " threonine, and tyrosine residues but to a much lesser extent.

Insoluble HRI in the pellets was barely phosphorylated.
RESULTS These results demonstrate that the shift in the electrophoretic
mobility of HRI correlates with the extent of multiple

Multiple Autophosphorylation, Aclity, and Solubility of phosphorylation of HRI. In addition, the phosphorylation of
HRI. Recombinant HRI was produced using tecoli pET HRI appears to correspond with its solubility.
expression system. This system was used for studying the The activation of HRI has been observed to correlate with
autophosphorylation of eukaryotic kinases since bacteriaits phosphorylation (reviewed in reé®sand10). This suggests
contain little endogenous serine/threonine or tyrosine kinasethat only the autophosphorylated soluble species of HRI can
activity (reviewed in ref40; data not shown). Mouse HRI  function as active kinase. As expected, no endogenouselF2
cDNA was subcloned into a pET vector with an N-terminal kinase activity was detectable i coli before induction of
(His)s tag to facilitate the purification of recombinant HRI.  expression of HRI (not shown). Neither eleXinase nor
After expression, cell extracts were subject to 16P00 autokinase activity was detected in the pellet fractions,
centrifugation in order to separate unfolded, insoluble HRI indicating that insoluble HRI was in an inactive conformation
in the pellet from the folded, soluble HRI in the supernatant. (Figure 1E,F). In contrast, soluble HRI was an active
Expression at 37C yielded recombinant HRI that was autokinase (Figure 1E) and phosphorylated elkRigure
mainly insoluble and subject to significant proteolysis (not 1F). As shown in Figure 1BD, HRI underwent autophos-
shown). Expression at 223 significantly increased the  phorylation in vivo during expression. HRI expressed at 10
proportion of HRI in the soluble fraction (Figure 1). and 22 h had undergone nearly maximal autophosphorylation
Expression fo 8 h appeared to be optimal with respect to and thus could only incorporate little additionaf?P during
the yield of soluble HRI. Western blot analysis using anti- in vitro kinase assays (Figure 1E).
HRI antibody revealed two species of soluble HRI which  To test our hypothesis that multiple autophosphorylation
were designated as species | and Il according to their of HRI increases its solubility, further fractionation by high-
electrophoretic mobilities (Figure 1A). Species | is the faster speed centrifugation at 10009@as performed. The aim of

(B) P-Ser et 1 L 1 =

-
(D) P-Tyr ¥ 1y - % %'.‘

(E) Autokinase - “—

(F) elF2ct kinase == w» == o a5 o

HiTrapQ Chromatography of HRI in Mouse Reticulocyte
LysatesHiTrapQ chromatography was performed according
to the Amersham Pharmacia Biotech protocol gsanl mL
HiTrapQ column (0.7x 2.5 cm). Reticulocyte lysates
prepared from 56@L of blood were centrifuged at 100090
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Ficure 2: Insolubility of mutant K196R HRI. Wild-type and
K196R HRI were expressed f@ h at22.5°C. The 100006

Bauer et al.
Free Phosphate
A ‘ P-Ser
P-Thr
P-Tyr \/._?/

]

L]

fes Partially Hydrolyzed

& Phosphopeptides

< * Origin

pH 1.9
Ficure 3: Phosphoamino acid analysis of HRI labeled in vivo.

supernatant (S) and pellet (P) fractions were prepared as describedHRI was expressed in the presence8PJinorganic phosphate in

under Experimental Procedures and subjected to 10%-$12&E
followed by Western blot analysis using anti-HRI (panel A), anti-

E. coli as described in Experimental ProcedurésP]HRI was
hydrolyzed, and the hydrolyzed phosphoamino acids were separated

phosphoserine (panel B), anti-phosphothreonine (panel C), and anti-by two-dimensional thin-layer chromatography. The position of each

phosphotyrosine (panel D) antibodies. The elfkthase activities
of HRI were also analyzed (panel E).

phosphoamino acid was determined by using /6each of the
standards and staining with ninhydrin (dotted circles). The arrows
indicate the direction of migration.

this centrifugation was to separate the aggregated yet soluble
HRI (species 1) from the multiply autophosphorylated and Was autophosphorylated on Ser, Thr, and Tyr residues (Figure
active HRI (species I1). As shown in Figure 2A, the 100900 3). However, HRI was mainly phosphorylated at Ser and
supernatant contained exclusively species Il HRI whereas Thr residues, the ratio of Tyr:Thr:Ser phosphorylation being
the 100008 pellet had mainly species | HRI. Species Il HRI  1:12:31. Mouse HRI contains 16 Tyr, 30 Thr, and 51 Ser
in the 10000 supernatant was phosphorylated extensively residues. Thus, the degree of autophosphorylation of HRI at
on serine, threonine, and tyrosine residues whereas the fastefyrosine is much less than that at serine and threonine, and
migrating species | was poorly phosphorylated (Figure-2B  the strong signal seen in Figure 1D is due to the higher
D) and its phosphorylation was detectable only following sensitivity of P-Tyr antibody. Autotyrosine kinase activity
much longer exposures. HRI in the 100§@Qipernatantwas ~ of HRI was also observed in immunoaffinity-purified Wt
a very active elFa kinase (Figure 2E). In contrast, HRI in  HRI from rabbit reticulocytes and recombinant Wt HRI (but
the pellet fraction had only slight elBinase activity which ~ not the K199R mutant) expressed in insect cells (data not
may originate from small amounts of slower migrating Shown). Similarly, as shown in Figure 2, inactive K196R
species trapped in the pellet. mouse HRI did not undergo tyrosine phosphorylation. Thus,
To ascertain whether autophosphorylation is responsibletyrosine phosphorylation of HRI is an intrinsic property of
for the observed mobility shift of HRI, the K196R mutant HRI, but its functional significance remains to be investi-
of mouse HRI was prepared and expressed. The corresponddated.
ing K199R mutation in rabbit HRI was reported earlier to ~ Molecular Sizes of the Soluble HRI Specisunderstand
have extremely poor autokinase activigil). As compared  the basis for the biochemical difference between HRI species
to the Wt HRI, K196R HRI underwent autophosphorylation | and Il, the molecular sizes of the HRI in the 16@00
extremely poorly (Figure 2BD) and had an even faster supernatant and 1000§@actions were subjected to S-400
electrophoretic mobility than the insoluble Wt HRI in the gel filtration study (Figure 4AD). The two HRI species
pellet (Figure 2A). This result demonstrates that phos- present in the 160@)supernatant eluted differently upon
phorylation of HRI inE. coliis due to autophosphorylation.  gel filtration (Figure 4A). Species |, which was present in
Furthermore, K196R HRI was highly insoluble; no K196R the pellet of 1200006 was found in the void with an apparent
HRI was detected in the 1000@8upernatant. These results MW of about 8 x 10° Da or larger (Figure 4C). High-salt
demonstrate that autophosphorylation of HRI not only is washes with 0.5 M KCI did not release species | from the
essential to el kinase activity of HRI but also influences  pellet. Therefore, this species | HRI is not associated with
its solubility. cellular organelles such as ribosomes or membranes. Species
Autotyrosine Kinase Adtity of HRI. HRI has the con- | HRI is most likely the aggregated oligomer of HRI.
sensus sequence for the serine/threonine kinakdsafd HRI species IlI, which was present in the 100600
phosphorylates the substrate el the Ser51 residud 2, supernatant, eluted with an apparent MW of 640 kDa (Figure
13, 24, 25). Thus, it was surprising to detect HRI phos- 4B). After removal of the His tag, species Il HRI eluted
phorylation at tyrosine residues. To confirm the presence of similarly to HRI from mouse reticulocyte lysates with an
phosphotyrosine in HRI, mouse HRI expressedEincoli apparent MW of 420 kDa (Figure 4D) due to its elongated
was labeled with $PJinorganic phosphate in vivo and shape41l). It is well established by works of ours and others
subjected to partial acid hydrolysis followed by two- that HRI in reticulocytes is present as a dimér 43, 44).
dimensional thin-layer electrophoresis and chromatography. This is demonstrated by gradient centrifugation and chemical
The result of phosphoamino acid analysis showed that HRI cross-linkings §). Since the presence of the His tag did not
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Ficure 4: Molecular sizes of different species of HRI. The 16§00
supernatant (panel A), 100098upernatant (panel B), and 100900
pellet (panel C) from an overnight expression of HRI at 225

were separated by a Sephacryl S-400 column as described under

Ellipticity (mdeg)

Experimental Procedures. The positions of the elution of the

molecular size standards and the void are marked in panel D. The
elution profile of HRI was determined by SB®AGE followed

by Western blot analysis using anti-HRI as described above. The

peak fractions of void (1417) and nonaggregated HRI (227)

Wavelength (nm)

were shown side by side to demonstrate their different migration FIGURE5: Hemoprotein spectra and CD spectra of purified soluble

patterns on SDSPAGE (panels A-C). To determine the molecular
size of the species Il HRI, 10009@upernatant was pretreated with
TEV protease to remove the His tag of HRI prior to the gel filtration.

and insoluble HRI. Soluble (S) and insoluble (1) (Hi$)RI were
purified from the 16000 supernatant and pellet by Ni-agarose
column chromatography as described in Experimental Procedures.

A 10000@ supernatant of mouse reticulocyte lysate served as Purified proteins were separated by 10% PAGE and stained with

control. The intensity of the Western blot signal of HRI in each

Coomassie brilliant blue G250 (insert panel A). Full-length soluble

fraction was quantitated by using NIH Image 6.1 software. The and insoluble (HisyHRI were marked with an arrow and a star,

quantitation of elution profiles of reticulocyte HR®J and bacterial
expressed HRIM) was shown in panel D. In panel E 100@00
supernatant (S-400 fraction 2®) and 100006 pellet (S-400
fraction 15,8) were analyzed for specific elbXinase activity of

respectively. (A) Hemoprotein spectra. His-tag-cleaved purified
proteins (2.5«M) incubated with 5uM heme were scanned from
270 to 600 nm using @M heme as a reference. The Soret band
around 420 nm and the broadand bands around 550 nm are

HRI in the absence (closed symbols) and presence (open symbolsjndicated by arrows. (B) CD spectra. Purified solubf#) (and

of 2 uM heme. A time course from 0 to 15 min was performed.
Specific activity is expressed as picomoles of elffhosphorylated
per nanogram of HRI.

affect the heme loading (not shown), we presume that the

insoluble @) HRI (24 uM) were scanned from 180 to 300 nm.
Heme-bound soluble and insoluble HRI (open symbols) were
saturated with 10@M heme, and the excess of heme was removed
by dialysis.

His tag further elongates the shape of HRI. Analysis of the With a Michaelis-Menten constant,) of 0.0864M for the
elF2o kinase activities using equal amounts of species | and Substrate elF@ and a catalytic constankdy) of 6.15x 10~
species Il HRI showed that species Il dimeric HRI had a S™

200-fold higher specific elR2 kinase activity that was
regulated by heme (Figure 4E) with an appaténof 0.22
uM (not shown), similar to reticulocyte HRI and recombinant
HRI expressed in insect cellg,(41). These results indicate
that multiple autophosphorylation is critical to maintaining
HRI as a dimer and preventing aggregation.

Without addition of exogenous heme, soluble HRI was
only 5% saturated with heme during its expressioR.icoli
and thus exhibited only a small Soret band (not shown). In
the presence of BM heme, soluble HRI was saturated with
heme and exhibited the absorption peaks of hemoproteins
at 422 and 550 nm (Figure 5A, upper panel). The origin of

Secondary Structure and Heme Binding of Purified Soluble the shoulder at 340 nm is not known and may reflect the

and Insoluble HRITo further characterize the structure and

presence of oxidized ferric hemé5). Measurement of heme

heme binding of soluble and insoluble HRI, both forms were content of heme-saturated HRI by pyridine hemochromogen
purified to near homogeneity (Figure 5A, insert). Pure soluble (46) showed that it contained two molecules of heme per
HRI consisted mainly of species Il. It migrated substantially HRI monomer (not shown). This finding confirms our

slower than the insoluble HRI in SDFAGE, as seen by

previous conclusion that there are two hemes bound per

Coomassie blue staining (Figure 5A, insert). In agreement subunit of HRI 41) and that HRI has two separate heme-
with the results shown above (Figures 1 and 2), only purified binding domains?). Insoluble HRI (Figure 5A, lower panel)

soluble HRI, and not the insoluble HRI, was highly phos-

was less efficient in binding heme and exhibited only 20%

phorylated on serine, threonine, and tyrosine residues,of the heme-binding capacity of soluble HRI. In addition,
underwent autophosphorylation, and phosphorylatedeelF2 the peak wavelength of the Soret band (436 nm) observed

(not shown). Purified soluble HRI was an active elf@nase

for insoluble HRI is different from that of the soluble HRI
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(422 nm), suggesting a different conformation of the heme-
binding domain of insoluble HRI.

To gain insight into the structural difference between
soluble and insoluble HRI, CD spectroscopy was performed
(Figure 5B). The CD spectrum of soluble HRI displayed the
local minima at 206 and around 222 nm that are indicative
of the presence ofi-helical structure. In contrast, the CD
spectrum of insoluble HRI exhibited a reduction in ordered
secondary structure with a less pronounced 222 nm minimum
and the absence of a 206 nm minimum. Collectively, these
results indicate that insoluble HRI does not have the proper
folding and conformation necessary for the solubility, kinase
activity, and heme-binding activity of HRI. Neither the
soluble nor the insoluble HRI exhibited a significant second-

ary structural change upon heme binding that can be detected

by CD. However, heme binding to HRI could have an effect
at the level of tertiary structure.

Multiple Phosphorylation of HRI in the Mouse Reticulo-
cytes.To investigate the physiological importance of the
differing extent of autophosphorylation of HRI, multiple
phosphorylation of HRI naturally present in mouse reticu-
locytes was examined. Similar to HRI expressedtircoli,

HRI in mouse reticulocytes also exhibited two doublets with
different electrophoretic mobilities in 10% SB®AGE.
These two doublets of HRI in intact reticulocytes were better
resolved into four species by 7.0% SBBAGE as shown

in Figure 6A. In the hemin-treated reticulocytes, HRI was
present mainly as species | with a very small amount of the
lower band of species Il (Figure 6A, left panel). It exhibited
only little elF2o. kinase activity (Figure 6A, right panel). In

Bauer et al.
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Ficure 6: Multiple phosphorylation of HRI in mouse reticulocytes.
(A) Activation of HRI in heme-deficient reticulocytes. Reticulocytes
from HRIT* and HRI~ mice were incubated with 40M hemin

(H) for 90 min. C denotes untreated control reticulocytes. Activation
of HRI in the reticulocytes (X 10° cells) was analyzed using 7.0%
SDS-PAGE followed by Western blot analysis. In parallel, the
elF2o. phosphorylation in intact reticulocytes was also analyzed
by anti-elF2x phosphorylated antibody (upper right panel). The
total amount of elF& is shown in the lower right panel. (B)
HiTrapQ ion-exchange chromatography of HRI in mouse reticu-
locyte lysates. Mouse reticulocyte lysates (lane 1) were separated
by HiTrapQ chromatography as described under Experimental
Procedures. The flow-through of the HiTrapQ column (lane 2), the
0.2 M NacCl wash (lane 3), and the peak fractions of elution with
0.3 M NaCl (lane 4) and with 0.35 M NaCl (lane 5) were separated
by 7.5% SDS-PAGE. HRI was detected by Western blot analysis

the absence of hemin, HRI became activated. This activationUsing anti-HRI antibody. Equal amounts of the HRI eluted with

resulted in the complete upshift of HRI to the slowest
migrating species. This result indicates that in intact reticu-
locytes species | is in an inactive conformation as shown
above for recombinant HRI species | (Figures 2 and 4). The
activation of HRI in intact reticulocytes was accompanied
by the increased elfe® in vivo (Figure 6A, right panel,
lanes 1 and 3) while total ell2remained unchanged. Since
there was no increase in the etfR2in HRI™'~ reticulocytes
(Figure 6A, right panel, lanes 2 and 4), this increase in
elF20P in heme deficiency is due entirely to the activation
of HRI.

The small increase in elle® observed in hemin-treated
Wt reticulocytes as compared to that of the HRIreticu-
locytes (Figure 6A, right panel, lanes 3 and 4) was likely to
originate from the small amount of species Il present. To
test this hypothesis, we separated the different species o
HRI by HiTrapQ ion-exchange column chromatography
according to their difference in negative charges. As shown
in the left panel of Figure 6B, the majority of reticulocyte
HRI species | was eluted with 0.3 M NacCl (lane 4) while
species Il was eluted with 0.35 M NaCl (lane 5). Recom-
binant species | and Il HRI also eluted at the same NacCl

i

0.3 M (right panel, lane 1) and 0.35 M NacCl (right panel, lane 2)
were assayed for elle2kinase activity. (C) Alkaline phosphatase
treatment. Mouse reticulocyte lysates (lanes 1 and 4) and the peak
fractions of elution with 0.3 M (lanes 2 and 5) and with 0.35 M
NaCl (lanes 3 and 6) were incubated for 15 min at*@0with or
without alkaline phosphatase (AP) as indicated. HRI was analyzed
by Western blot analysis using anti-HRI antibody.

Since reticulocyte species Il has a slower electrophoretic
mobility than species | and elutes with higher salt concentra-
tion from the HiTrapQ column, we sought to demonstrate
that reticulocyte species Il HRI are more extensively phos-
phorylated than species I, similar to HRI species expressed
in bacteria using alkaline phosphatase treatment. As shown
in Figure 6C, dephosphorylation by alkaline phosphatase
converted the slower migrating species Il of reticulocyte HRI
o the fastest migrating species. These results demonstrate
he presence of multiply phosphorylated species of HRI in
intact reticulocytes and the activation of HRI by phos-
phorylation in heme-deficient intact reticulocytes.

DISCUSSION

In reticulocyte lysates, HRI is thought to be present in an

concentrations as the corresponding reticulocyte HRI speciesnactive proinhibitor form (ProHRI) which is converted in

(not shown). Reticulocyte HRI species Il was found to
possess 5-fold higher elb2kinase activity than species |
(Figure 6B, right panel). It has a specific elfXinase
activity similar to that of species Il recombinant HRI
expressed iik. coli. Since species | HRI from reticulocytes
is a dimer and is not aggregated (Figure 4)43, 44), it
has a 40-fold higher specific elB2kinase activity than
species | of HRI expressed . coli.

heme deficiency to a heme-reversible active form (reviewed
in ref 43). The structural difference between these two forms
of HRI has yet to be elucidated. In this study, we demonstrate
that multiple autophosphorylation of HRI is responsible for
the conversion of inactive ProHRI to heme-reversible HRI.
We also show that recombinant HRI expressedincoli
exhibits the same degree of multiple autophosphorylation as
HRI naturally present in reticulocytes. Similarly, it has been
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Ficure 7: Model of the formation of active stable HRI by two-staged multiple autophosphorylation.

shown that the catalytic subunit of PKA expresseéircoli could also explain why it could not be converted completely
exhibits all autophosphorylation present in the enzyme to species Il in vitro either ifE. coli extracts or in the purified
purified from mammalian tissued T, 48). protein (not shown).

A model based upon our findings on the formation of  HRI that does not undergo autophosphorylation migrates
active HRI is presented in Figure 7. We propose that newly fastest in SDSPAGE, is aggregated, and is insoluble as
synthesized HRI is rapidly dimerized and undergoes inter- demonstrated by the K196R mutant HRI and the insoluble
molecular multiple autophosphorylation in two stages. The pellet of Wt HRI (Figure 2). In contrast, species Il HRI is
first stage phosphorylation of HRI results in the formation much more stable and remains soluble at 106088 a
of inactive species |. Additional phosphorylation at the homodimer (Figure 4). Moreover, the stabilization of HRI
second stage in heme deficiency results in the formation of by autophosphorylation is so effective that recombinant HRI

active species Il HRI. This autophosphorylation of HRI

can be expressed . coli at concentrations 1000-fold that

occurs mainly on Ser and Thr residues and to a lesser extenpresent in reticulocytes. This observation is consistent with

on Tyr residues (Figures—13) and reduces the electro-
phoretic mobility of HRI as shown in Figures 1 and 6.

previous biochemical studies which demonstrate that heme-
reversible HRI is a stable homodimer (reviewed in gf

The difference in degree of phosphorylation between Thus, multiple autophosphorylation of HRI is required not
species | and Il permitted their separation by ion-exchange only for the activation of its elF@ kinase activity but also
chromatography and the subsequent biochemical characterfor the stabilization of HRI as a homodimer. Our data provide
ization of these two forms of HRI. Since the less phos- in vivo evidence for a novel function of autophosphorylation
phorylated species | is present in the heme-supplementedn maintaining the stabilility and solubility of HRI. In this
intact reticulocytes only (Figure 6A), recombinant HRI respect, HRI is very similar to the C-subunit of PKA.
species | observed i&. coliresembles the ProHRI. We found  Autophosphorylation of the newly synthesized C-subunit at
that species | of recombinant HRI and species | of reticulo- Ser338 and SerlO is necessary for kinase stability and
cyte HRI (Figure 6B) elute at lower ionic strength than solubility, respectively, of PKA §2, 53). Similarly, also
species Il. In addition, species | HRI from reticulocytes and Xenopusc-Mos serine/threonine kinase is only partially
that fromE. coli expression both have a very weak a2  phosphorylated and is unstable in the early step of meiotic
kinase activity. The more extensively phosphorylated speciesmaturation but is fully phosphorylated and highly stable in
Il HRI is equivalent to heme-reversible HRI in that species the late step. Phosphorylations on Ser3 and Serl6 are
Il HRI is an active elF& kinase and its kinase activity is  important for this stabilizatiorbd, 55). Our finding together
regulated by heme both in vitro (Figure 4) and in vivo (Figure with these other examples suggests that multiple autophos-
6A). The apparenkK; of 0.22uM for the hemin inhibition phorylation might be a general mechanism for stabilizing
of species Il HRI expressed . coliis the same as that of  kinases.

HRI in reticulocytes and HRI expressed in insect cedly) Here, we also show that HRI undergoes autotyrosine
In addition, upon addition of exogenous heme, purified phosphorylation. The biological significance of this finding

species Il HRI expressed iB. coli displayed the typical  has yet to be examined. Interestingly, a number of serine/
visible spectrum of a hemoprotein (Figure 5A) as the HRI threonine kinases such as members of the LAMMER kinase
expressed in insect celld). family, glycogen synthase 3 and CIk2, also undergo tyrosine

It was reported earlier that HRI in reticulocytes is phosphorylation when expressedkn coli (56, 57) and in
associated with the chaperones Hsp90 and Hs82040, eukaryotes. These kinases are now considered to belong to
50). These chaperones are required to keep HRI from the steadily growing class of dual specificity kinases.
denaturation and aggregatioB4f. We found here that The availabilities of purified species | and species Il HRI
species | HRI expressed i coliformed aggregates despite demonstrated in this study permit us to identify the phos-
remaining soluble at 160@0This observation is consistent phorylation sites that occur in each of the two-staged
with the limiting amount of chaperonesth coli under high- activation of HRI. We are currently identifying the auto-
level protein expression conditions. It may also account for phosphorylation sites of HRI and plan to introduce point
the reason ProHRI could not be purified from reticulocytes mutations to analyze their functions individually.
beyond certain stage$1). We speculate that the loss of In summary, our study provides in vivo evidence that
ProHRI during purification is due to the removal of the autophosphorylation of HRI at multiple sites soon after its
chaperones from ProHRI and subsequent aggregation simi-de novo synthesis regulates HRI in a two-stage mechanism.
larly to that observed to occur with species | HRI frdin The first stage of phosphorylation stabilizes species | HRI
coli expression. The tendency of species | HRI to aggregateagainst aggregation. We provide compelling evidence that
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this species | HRI is the ProHRI that was postulated in 1972
(58). The second-stage multiple phosphorylation is critical
to stabilizing HRI as a homodimer and is required for the
attainment of elF@ kinase activity that is regulated by heme.
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