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Background: eIF2B is a multisubunit protein that regulates protein synthesis.
Results: We identify conserved residues in eIF2By and elF2Be that are involved in interactions between subunits of the eIF2B

complex.

Conclusion: Highly conserved regions and residues in eIF2B are crucial for creating eIF2B protein complexes.
Significance: This study provides new insights into the interactions that hold together the eIF2B holocomplex.

Eukaryotic initiation factor 2B (eIF2B) plays a key role in pro-
tein synthesis and in its control. It comprises five different sub-
units, a-€, of which eIF2Be contains the catalytic domain. For-
mation of the complete complex is crucial for full activity and
proper control of e[F2B. Mutations in the genes for eIF2B cause
an often severe neurological disorder, “vanishing white matter.”
elF2By and elF2Be contain homologous and conserved
domains with sequence similarity to nucleotidyl transferases
(NTs) and acyl transferases and can form a binary complex. The
latter contain a hexad repeat that mainly comprises isoleucyl
residues (hence termed the “I-patch” region). These data reveal
that certain residues in the NT domains of eIF2B+y/€, which are
highly conserved throughout eukaryotes, play key roles in the
interactions between subunits in the eIF2B complex. Our data
show that the I-patch regions are important in the interactions
between the catalytic eIF2Bye complex and the other subunits.
We also studied the functional effects of vanishing white matter
mutations in the NT and I-patch domains. Lastly, our data show
that eIF2By promotes the expression of eIF2Bge, providing a
mechanism for achieving correct stoichiometry of these eIF2B
subunits in the cell.

Eukaryotic initiation factor 2B1 (eIF2B)> plays a key role in
protein synthesis (mRNA translation) and its regulation (1). It
acts as a GDP dissociation stimulator protein to mediate
guanine nucleotide exchange on elF2 (2), the factor that
(as elF2.GTP) brings the initiator methionyl-tRNA (Met-
tRNA,M*Y) to the ribosome to recognize the start codon during
each “round” of translation initiation. eIF2B is thus often
termed a guanine-nucleotide exchange factor (GEF). The
observations that overexpressing eIF2B increases protein syn-
thesis rates in HEK293 cells (3) and cardiomyocytes (4) and
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induces growth of the latter indicate that eIF2B is a critical
rate-determining component of the protein synthesis machin-
ery. Consistent with this, the activity of eIF2B can be regulated
in several different ways.

elF2B comprises five non-identical subunits, a-€, named by
increasing size. e[F2Be contains within its C-terminal region
the catalytic domain (approximately residues 527-726 in
human eIF2Be), which mediates GDP/GTP exchange on elF2
(5, 6) (Fig. 1A). The extreme C terminus interacts with eIF2 (7).
Large sections of the sequences of elF2By and € show mutual
sequence similarity (8) (see Fig. 14) and form a binary complex
termed the “catalytic subcomplex.” Both of these subunits con-
tain regions that show similarity to nucleotidyl transferases
(NT) (residues 44—165 of elF2Be and residues 4—140 of
elF2Bv, Fig. 1B) and to acyl transferases (AT) (residues 347—
437 of human elF2Be and residues 334—-409 of elF2BYy),
although the functional significance of these resemblances is
unclear. The latter region contains repeats with an approximate
hexad spacing of hydrophobic branched chain amino acids
(generally Ile but sometimes Val or Leu). In other proteins, such
so-called “I-patches” form left-handed B-helices that may be
involved in oligomerization (9, 10). Although these homolo-
gous regions were first reported as long ago as 1995 (8), their
significance for the function of eIF2B has remained unclear.

The other three subunits, «, B, and 8, also show mutual
sequence similarity (11, 12) and form a “regulatory” subcom-
plex (13), so named because it confers on the holocomplex sen-
sitivity to inhibition by the substrate eIF2 (14) when the latter is
phosphorylated at Ser-51 on its « subunit. This provides one
important mechanism for regulating eIF2B activity. In the case
of mammalian e[F2B, the a subunit is required for full catalytic
activity (2, 15, 16). It is also essential to confer sensitivity to
phosphorylated eIF2 (17). Furthermore, although eIF2Bye “cat-
alytic” subcomplexes do show activity, this is markedly
enhanced by the presence of the other subunits (16). Thus, cos-
toichiometric expression of the subunits is necessary for the
optimal activity and proper regulation of e[F2B. However, it is
not known how this is achieved physiologically.

The importance of eIlF2B in normal cell function is high-
lighted by its involvement in an often severe inherited neuro-
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FIGURE 1. Conserved domains in elF2By and €. A, the domain structure of elF2By and e showing the conserved NT and I-patch (/) homology regions
and the catalytic domain (Cat) with approximate residue numbering. B, an alignment of the NT homology regions of human elF2By and e (bottom)
alongside sequences from a number of proteins containing NT domains. The reference sequences used for alignment were NP_003898.2 and
NP_065098.1. The figure was generated using Clustal W2 and Jalview software. Mutated amino acids are identified and are indicated with a gray

background in the sequence alignment.

degenerative disease, known as leukoencephalopathy with van-
ishing white matter (VWM) (also termed CACH, childhood
ataxia with central nervous system hypomyelination (18)).
Patients with this disease show progressive demyelination of
the white matter in the brain, leading to ataxia, mental retarda-
tion, and eventual death. A wide range of phenotypes has been
observed, from very mild adult-onset forms to severe neonatal
disease. VWM is an autosomal recessive disease requiring
inherited mutations in both copies of the genes encoding the
same subunit of eIF2B. Although mutations in the EIF2B5 gene,
encoding the € subunit, have been described most frequently,
numerous VWM-causing variants have been identified in the
genes encoding the remaining four eIF2B subunits (18, 19). Pre-
vious studies have postulated that a decrease in eIF2B activity
caused by the mutations is responsible for the phenotype
(reviewed in Ref. 18) and that the VWM phenotype is corre-

8264 JOURNAL OF BIOLOGICAL CHEMISTRY

lated with elF2B activity (20, 21). However, we have recently
demonstrated that this is not the case, and in fact, some of the
most severe VWM mutations have barely any effect on eIF2B
activity (16). Thus, the means by which mutations in the
EIF2BI-S5 genes cause VWM is not yet understood.

As alluded to above, cellular elF2B activity is regulated by
phosphorylation of eIF2 on Ser-51 in its a subunit, which
converts elF2 to a competitive inhibitor of elF2B (22, 23).
Four elF2 kinases are known to exist in mammals. They are
activated under different, usually stress-like conditions,
including endoplasmic reticulum stress caused by an accu-
mulation of unfolded or misfolded proteins and nutrient
stress, in particular amino acid deprivation. Inhibition of
elF2B by phosphorylated eIF2 is dependent on eIF2Bq, the
structure of which has been solved and contains a potential
binding pocket for the phospho-serine group (24). Recombi-
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nant eIF2B complexes lacking the a subunit are not inhibited
by phospho-elF2 (17).

To date, there is limited information regarding the functional
significance of the conserved domains in eIF2By and e. This is
important for understanding both the assembly and function of
the eIF2B complex and the roles that these domains play in
mediating eIlF2B function. The data in this report reveal that
key residues within these conserved regions are crucial for the
assembly of the holocomplex or its association with the regula-
tory subcomplex. We have also identified a role for e[F2B7y in
mediating the stability of eIF2Be, a potential means of regulat-
ing the cellular levels of this subunit and, thus, eIF2B activity.

EXPERIMENTAL PROCEDURES

Plasmids—Plasmids encoding myc-tagged elF2B subunits
and His-myc-tagged elF2B+y and € have been described previ-
ously (3, 25). We mutated specific residues in the His-myc-
tagged subunits by site-directed mutagenesis as described pre-
viously (16). PCR fragments of NT and I-patch domains as well
as truncated forms of e[F2B+y and € were cloned into pEBG-6P
to produce GST-myc-tagged versions of these fragments.

Cell Culture and Lysate Preparation—HEK 293 cells were
cultured and maintained as described previously (3). Cells were
transfected by the calcium phosphate method and harvested
after 48 h by washing twice in PBS and lysing the cells in lysis
buffer (20 mm HEPES-KOH (pH 7.6), 50 mMm B-glycerophos-
phate, 50 mm KCl, 0.5% Triton X-100, 0.5 mMm NaVO3, 14.3 mm
B-mercaptoethanol, 1 X complete protease inhibitors (Roche)).
Lysates were cleared by centrifugation at 20,000 X g at 4 °C for
15 min and stored at —80 °C.

Affinity Chromatography—Crude lysates from transfected
cells were analyzed by SDS-PAGE/Western blot analysis (using
an anti-myc tag antibody) (9E10, Sigma-Aldrich, Poole, UK).
The amount of lysate used for each pull-down was carefully
adjusted to ensure that equal amounts of the His- or GST-
tagged subunits were used for each batch of experiments.
Appropriate volumes of lysate were incubated with either nick-
el-nitriloacetic acid-agarose in the presence of 20 mm imidazole
(for His-tagged subunits) or glutathione-Sepharose (for GST-
tagged subunits) for 1 h at 4 °C. Complexes were washed with
lysis buffer containing 10% (v/v) glycerol, 0.15% (v/v) Triton
X-100, and 20 mMm imidazole (for His, pull-downs). The puri-
fied complexes were either analyzed by Western blot analysis or
used to assay elF2B activity (as described earlier) (16, 26).

Assays for e[F2B Activity— elF2B (GEF) activity assays were
carried out as described previously (25, 27) by measuring the
release of [*H]GDP from elF2 preparations by affinity-purified
elF2B complexes. Each experiment was carried out in triplicate
on at least three separate elF2B preparations. Data are
expressed as mean * S.E. (n = 3), with the activity of complexes
prepared with wild-type-tagged subunit normalized to 1.

Homology Modeling—Structural models of elF2By and e
were produced using the SWISS-MODEL workspace using the
protein sequences of elF2By (NP_065098) and elF2Be
(NP_003898). The locations of the mutated residues were
examined in all the models produced to provide the best con-
sensus of location.
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FIGURE 2. Homology model of structure of residues 43-450 of elF2Be.
This modelis on the basis of PDB code 2GGO showing the predicted structure
of the NT domain and interdomain region (red backbone) and the I-patch
domain (blue backbone) plus the location of key mutations in this study. Loca-
tions of mutations in the NT domain affecting binding to the «, 8, and &
subunits are yellow. Mutated residues affecting binding to all subunits are
shown in orange, and those affecting activity without affecting complex for-
mation are shown in light blue and green (NF motif). Mutations with no effect
on complex formation or elF2B activity are shown in purple. The location of
mutated residues in the I-patch domain affecting complex formation and/or
activity are shown in brown, with the D387G VWM-associated mutation
shown in pink. The model shows that the I-patch domain (blue backbone)
forms a distinct domain from the NT and interdomain region (red backbone).
The catalytic domain is not shown on this model.

RESULTS

Homology Modeling of el[F2By and eIF2Be—Because a num-
ber of proteins with a combination of NT and I-patch domains
have been identified, and structures were solved for a number of
these, we employed homology modeling to assist in identifying
the location, potential roles, or mutated residues using the
SWISS-MODEL server. This produced a number of partial
models of eI[F2By and elF2Be that were used in combination to
identify the locations of the mutated residues. We compared
the locations of mutated residues on several models to increase
the confidence in their position. A model of the region of
elF2Be comprising the NT and I-patch domains, based on the
structure of glucose-1-phosphate thymidyltransferase from
Sulfolobus tokodaii (PDB code 2GGO), is shown in Fig. 2 as a
representative example of the modeling output. None of the
models reproduced the complete elF2Be structure, but infor-
mation from the partial structures suggests that the I-patch
region (Fig. 2, blue backbone) forms a separate domain to the
polypeptide sequence prior to the I-patch (Fig. 2, red backbone).

Mutation of Residues in the eIF2Be NT Domain—The NT
homology region of human elF2Be encompasses (approxi-
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FIGURE 3. Analysis of the effects of mutations in the NT homology region of elF2Be. HEK293 cells were transfected with vectors encoding His/myc-tagged
WT elF2Be or the indicated mutants plus myc-tagged versions of the other four elF2B subunits (A) or wild-type myc-elF2B+y only (C). After analysis of the
resulting lysates by SDS-PAGE Western blot analysis using anti-myc, samples containing similar amounts of His/myc-elF2Be were subjected to purification on
Ni?" beads to isolate recombinant elF2Be and associated subunits. Samples of the purified material were either analyzed by SDS-PAGE and Western blot
analyses using anti-myc (A and C) or assayed for elF2B (nucleotide exchange) activity (B). In A and C, the positions of the myc-tagged elF2B subunits are shown.

The asterisk indicates the His-tagged subunit (here, elF2Be).

mately) residues 44 —165 (Fig. 1A). To assess the importance of
individual residues in the function or assembly of the eIF2B
complex, we mutated the residue(s) of interest in the cDNA of
the relevant subunit (e.g. eIF2Be) and expressed the mutant
(with myc and Hisg tags) in HEK293 cells, along with myc-
tagged versions of the other subunits (in that case, e[F2Ba-§).
Following lysis, we purified the complexes on nickel- nitrilotri-
acetic-agarose (as described under “Experimental Procedures”)
and analyzed the isolated complexes for elF2B activity and
elF2B complex formation as described earlier (25). One caveat
with this kind of approach is that mutations may affect the
folding of the polypeptide. We therefore chose mainly to make
mutations to a residue smaller than the original one, usually
alanine, although we cannot rule out that this may still affect
protein folding. Biophysical studies to confirm the correct fold-
ing of the many mutated proteins used here are, unfortunately,
beyond the scope of this study.

In principle, the isolated complexes might also contain
endogenous elF2B subunits. However, we recently showed,
using an approach identical to the one used here, that the levels
of endogenous subunits that copurify with the recombinant
elF2B polypeptides is very low (indeed, they were undetectable
(16)). Furthermore, for the studies using point mutants, the
mutated subunit is always the one containing the hexahistidine
tag used for purification so that the possibility of complexes
containing a mixture of wild-type and ectopically expressed
mutant elF2B subunits cannot arise.
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To assess whether the homology of this region to NTs is of
significance for the catalytic function of eIF2B, we mutated a
number of residues that are strongly conserved (Fig. 1B). The
more N-terminal part of the NT-domain contains several
residues that are present in all known elF2Be and elF2By
sequences. This includes a group of adjacent, highly con-
served residues (LLPL, residues 67—70 in human elF2Be, Fig.
1B). Interestingly, one of the residues within this motif is
mutated in patients with VWM, L68S (28). Mutation of
Leu-67 to alanine decreased the association of eIF2Be with
the «, B, and & subunits and led to a 30% decrease in activity
(Fig. 3, A and B). This decrease in activity is in line with the
observation that human eIF2Bye catalytic subcomplexes
show only half the activity of the whole complex (16). In
contrast, mutation of Leu-68 to alanine had no effect on
complex formation and caused a 30% decrease in elF2B
activity, an effect identical to that we have described previ-
ously for the L68S VWM mutation (16). Mutation of both
Leu-67 and Leu-68 to alanines led to loss of association with
the «, B, and 8 subunits and a severe decrease in eIF2B activ-
ity (Fig. 3, A and B). The loss of activity likely reflects the
decreased association of these eI[F2Be mutants with elF2Bq,
B and 8, which is required for full activity of mammalian
elF2B (16). These residues are therefore critical for the inter-
action between the regulatory and catalytic subcomplexes
and the formation of fully active eIF2B complexes.

ACEEVON
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Arg-55 in human eIF2Be corresponds to a residue that is
highly conserved among other NT's (8). Mutation of this residue
to methionine (similar in size to arginine but uncharged) had no
effect on either complex formation or eIF2B activity (Fig. 3, A
and B).

Tyr-78 and Leu-80 (in elF2Be¢) are almost universally con-
served in elF2B sequences (the exception being the replace-
ment of Tyr-78 to Phe, a very similar residue, in Caenorhabditis
elegans). When Tyr-78 was mutated to a non-aromatic residue
that still contains a hydroxyl group, serine, there was a strong
impairment of association with the «, 8, and & subunits, and a
decrease in elF2B activity, similar to that observed for the L67A
mutant (Fig. 3, A and B). Mutation of Leu-80 to alanine led to a
modest effect on the interaction with eIF2Ba, and a decrease in
activity similar to that seen for the Y78S mutant.

The C-terminal part of the NT domain contains an aspartate
residue, Asp-154 in elF2Be, which is conserved in NTs and is
predicted to be involved in Mg®" binding (Fig. 1B, Ref. 8).
Mutation of this residue to alanine, which lacks the negative
charge required to bind Mg®*, had no effect on interactions
with other subunits (Fig. 3, A and B). However, it surprisingly
led to an apparent 2-fold increase in eIF2B activity. Although
this residue is located outside of the core domain required for
catalysis, it seems to play a role in elF2B activity or its
regulation.

Adjacent to Asp-154 lies a triad of branched-chain residues
conserved by residue type in all known elF2Bvy/e and NT-do-
main sequences (LLV, residues 149 —151, in human eIF2Be; Fig.
1, A and B). Mutation of these residues individually to alanine
had no significant effect on complex formation or eIF2B activ-
ity. However, mutation of both Leu-149 and Leu-150 to alanine
caused a decrease in the association with the other four sub-
units, with a concomitant decrease in activity.

To confirm the effect of the L149A/L150A mutant in the
interaction between elF2By and elF2Be, we transfected cells
with His-myc-tagged wild-type, L67A/L68A, and L149A/
L150A elF2Be with myc-tagged elF2B+y and no other subunits
and then isolated the complexes as above. The data (Fig. 3C)
show a clear decrease in the amount of eIF2By associating with
the L149A/L150A elF2Be but not the wild-type or L67A/L68A
versions.

Asp-133 and Leu-135 are almost completely conserved
among known elF2By and € sequences (Fig. 1B). Mutation
either of these residues to alanine led to a slight impairment of
complex formation for the D133A mutant and a decrease in
elF2B activity for both mutants (Fig. 3, A and B). These mutants
show greater deficits in activity than would be expected solely
from effects on binding to other subunits (which is hardly
affected by the L135A mutation, Fig. 34), suggesting that these
mutations may affect activity for additional reasons. Mutation
of another completely conserved residue, Arg-169 in elF2Be,
had no effect on either complex formation or activity (Fig. 3, A
and B).

NT domain mutants have been observed in patients with
VWM. As well as the L68S mutation described above, we have
previously examined the effects of the VWM mutations F56V,
V73G, T91A, R113H, and R136C on complex formation and
elF2B activity (16, 25). None of these mutations affected eIF2B
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complex formation, but several (T91A, R113H, and R136C) led
to a decrease in elF2B activity, whereas one, V73G, led to an
increase.

These data demonstrate that the NT domain of elF2Be has an
important role in the assembly of the elF2B complex and,
despite its remoteness from the core catalytic domain, in deter-
mining the activity of the elF2B complex. In particular, we have
identified several conserved residues that are critical for the
interaction between elF2Be and the regulatory subcomplex,
including Leu-67 and Tyr-78. Furthermore, we have demon-
strated that mutation of Leu-149 and Leu-150 together is able
to destabilize the interaction between elF2B+y and elF2Be.

The Asn-Phe Motif in elF2Be is Necessary for Activity in
Human eIF2B—Gomez and Pavitt (5) showed that an Asn-Phe
(NF) motif in yeast eIF2Be (residues 249/250 in yeast, 263/264
in human) was important for facilitating the enhancement of
elF2B activity that results from the formation of holocom-
plexes. This motif is conserved in all available eIF2Be
sequences. We created mutations corresponding to those stud-
ied by Gomez and Pavitt (5), i.e. N263K and F264L. Both muta-
tions had little effect on complex formation (Fig. 34 and data
not shown) but showed a marked effect on eIF2B activity. The
N263K mutation decreased activity by about 90%, whereas
F264L was completely inactive (Fig. 3B).

Effects of Mutations of the eIF2By NT Domain—To compare
the roles of conserved residues in the NT domain of eIlF2Be with
the corresponding residues in e[F2Bvy, we mutated the relevant
residues in elF2B+y that correspond to those in e[F2Be whose
mutation had the most severe effects on activity and/or com-
plex formation (Fig. 4, A). In eIF2B, the equivalent of the LLPL
motif at 67-70 of el[F2Be comprises residues 27-30, and the
LVL motif at residues 149-151 in elF2Be is at 102-104 in
elF2Bvy (Fig. 1B). Unlike the corresponding residues in eIF2Be,
mutation of both Leu-27 and Leu-28 to alanines had little effect
on complex formation, but it did have a similar effect on e[F2B
activity (Fig. 44,B). Mutation of both Leu-102 and Val-103 to
alanine had a very similar effect to changing the equivalent res-
idues in eIF2B¢, leading to a loss of interaction with all the other
elF2B subunits and, because eIF2Be no longer copurifies effi-
ciently with the elF2By(L102A/L103A) mutant, a substantial
decrease in elF2B activity (Fig. 4, A and B).

Mutation of Tyr-38, the equivalent of Tyr-78 in e[F2Be, had a
less dramatic effect on complex formation, unlike in elF2Be,
but had a severe effect on elF2B activity (Fig. 4, A and B), sug-
gesting that this residue affects catalytic function indepen-
dently of an influence on the association of eIF2By with the
other subunits. Conversely, mutation of Leu-40, the equivalent
of Leu-80 in elF2Bg, to an alanine, which in e[F2Be had only a
minor effect on complex formation, affected interactions with
all the other subunits in the complex, including eIF2Be. Thus,
less of the catalytic subunit copurifies with e[F2B-y(L40A), likely
explaining the substantial decrease in apparent GEF activity
(Fig. 4, A and B).

Finally, mutation of Asp-107, which corresponds in position
to Asp-154 in eIF2Bg, to alanine had no effect on complex for-
mation, in a similar manner to its counterpart, butled to a slight
decrease in activity rather than the increase observed for the
D154A mutation in elF2Be (Fig. 4, A and B).
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FIGURE 4. Analysis of the effects of mutations in the NT homology region
of elF2B+y. HEK293 cells were transfected with vectors encoding His/myc-
tagged WT elF2Bvy or the indicated mutants plus myc-tagged versions of the
other four elF2B subunits. Lysates were analyzed as described in the legend to
Fig. 2, except that lysates were normalized for expression of elF2Bvy, and the
asterisk here indicates that elF2By bore the His tag. A, analysis of purified
recombinant elF2B complexes by SDS-PAGE and Western blot analysis.
B, activity data for complexes containing the indicated mutants of elF2By
(using anti-myc).

These data demonstrate that, although in some cases equiv-
alent residues in eIF2By and € have similar roles in mediating
intersubunit interactions and affecting eIF2B activity, this is not
true in every case.

A Critical Role for the eIF2Be I-patch Domain in the Interac-
tion between the Catalytic and Regulatory Subcomplexes—The
central part of elF2Be (residues 347—-437) and the C-terminal
part of elF2By (residues 366-409) show similarity to one
another and members of the AT group of enzymes (8). The
defining motif is a roughly hexad repeat of hydrophobic
branched-chain amino acids, in particular isoleucine but also
leucine and valine, often followed by a glycine. Similar features
are known to form left- or right-handed B-helix structures,
where the hydrophobic amino acids face inwards toward the
center of the helix and stabilize the structure through hydro-
phobic interactions (29 —33). The helices can associate with one
another to stabilize protein structure or to form protein com-
plexes, either through interactions between the “faces” of the
helix or end-to-end (34). It seems therefore possible that the
I-patch regions of eIF2By and € might serve an analogous func-
tion within the eIF2B complex.

To test this, we adopted a similar approach to that used for
the NT domains and mutated residues conserved between
elF2Bvy and ¢, particularly focusing on the repeating branched
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chain amino acids and analyzing their effects on complex for-
mation and elF2B activity. We also analyzed the effects of two
VWM mutations in this region, 1385V, which has been identi-
fied as a compound heterozygous mutation in patients with
severe infantile disease (35) and D387G, which has been iden-
tified in patients with classical infantile disease, again as a com-
pound heterozygous mutation (36).

Mutation of the eIF2Be residues Leu-356, Ile-379, Leu-391,
Ile-408, and Val-419 individually to alanine residues had no
effect on complex formation or eIF2B activity (Fig. 54). Muta-
tion of Ile-368 or Leu-413 to alanine led to an ~30% decrease
in elF2B activity (Fig. 5B). Furthermore, the I368A mutant
demonstrated a slight defect in interactions with the «, 3,
and & subunits (Fig. 54). Mutation of Ile-385 to alanine led to
an almost complete loss of elF2B activity, even though this
mutant can still interact with eIF2B+y (Fig. 5, A and B), pre-
sumably indicating that this mutation has a substantial effect
on the structure of el[F2Be. However, the VWM-associated
mutation at this residue, 1385V, which is a more conservative
change (exchanging one branched-chain residue for
another), had no effect on complex formation or eIF2B activ-
ity (Fig. 5, A and B). A second VWM mutation in this region,
D387G, showed little effect on complex formation and a
modest decrease in activity.

Because the I385A mutation has such a severe effect on com-
plex formation and activity, but the flanking I379A and L391A
mutations do not, we created a double mutant, I379A/L391A.
This mutant showed marked defects in complex formation and
elF2B activity (Fig. 5, A and B). A second double mutant, [408A/
L413A, also showed a clear defect in complex assembly and
elF2B activity (Fig. 5, A and B). However, this mutant still copu-
rified with elF2B+y and, to a limited extent, with the other
subunits.

Given the importance of the I-patch region for the interac-
tion of e[F2Be with the regulatory subcomplex, we also tested a
number of mutations within the corresponding region of
elF2By. Interestingly, the effect of these mutations was not as
severe as their counterparts in e[F2Be. Mutation of Ile-381 to
alanine, equivalent to the I385A mutant, had no effect on
complex formation or activity (Fig. 5, C and D). The double
mutation 1404A/I409A, equivalent to I408A/L413A in
elF2Beg, did have a modest effect on interaction with the «, 3,
and 6 subunits but caused only a very slight reduction in
activity (Fig. 5, C and D).

The Individual NT and I-patch Domains Are Unable to Inter-
act with Other elF2B Subunits—Our mutagenesis data suggest
that the NT domains of e[F2By and € are involved in the inter-
action between these two subunits, whereas both the NT and
I-patch domains are required for interaction with the «, 8, and
& subunits. To test this, we transfected cells with vectors encod-
ing GST- and myc-tagged versions of the elF2By and € NT and
I-patch domains (Fig. 6A4) together with vectors for the other
elF2B subunits. Because our homology model (Fig. 2) suggests
that the NT homology region is part of a larger domain incor-
porating the sequence between the NT and I-patch homology
regions, we created constructs that contain the NT-domain the
sequence C-terminal to it and are thus truncated just prior to
the I-patch (eIF2Be Al and elF2By Al Fig. 6A). Finally, because
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FIGURE 5. Analysis of the effects of mutations in the I-patch region of elF2Be and elF2B+y. See the legend to Fig. 2 for details. A and C, analysis of purified

recombinant elF2B complexes by SDS-PAGE and Western blot analysis.

Band D, activity data for complexes containing the indicated mutants of elF2Be/y. The

asterisk indicates the His-tagged subunit in each case. The vertical line in the right-hand part of A indicates that the figure contains two separate Western blot
analyses, each of which contain wild-type control samples. The vertical lines in C indicate that the figure contains non-adjacent lanes from the same Western

blot analysis.

we have demonstrated previously that eI[F2Be with a 46-residue

deletion within the catalytic domain is still able to interact

with the other subunits (26), we also generated a construct
encoding elF2Be truncated just after the I-patch domain

(eIF2Be ACat, Fig. 6A).
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We subjected the lysates from cells transfected with combi-
nations of these vectors to affinity purification on glutathione-
Sepharose and analyzed the bound material for the presence of
the other eIF2B subunits. Full-length GST-tagged eIlF2By and
elF2Be were used as positive controls. The pull-downs showed

fully
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that neither the NT nor the I-patch domains are able to interact
stably with any of the other subunits on their own (Fig. 6B),
whereas the full-length proteins can, as expected, associate with
the rest of the complex.

elF2Be ACat was able to interact with all the other subunits
(Fig. 6B), whereas elF2Be Al was only able to interact with
elF2By. This supports our findings from the mutagenesis data,
suggesting that both the NT and I-patch homology regions of
elF2Be are required for the interaction between the regulatory
and catalytic subcomplexes. These data also suggest that the
entire domain comprising the NT-homology region and the
sequence up to the start of the I-patch domain are required for
the interaction with elF2B+y but that the I-patch domain is dis-
pensable for this interaction.

Surprisingly, e[F2By Al was able to copurify with all four of
the other subunits as effectively as full-length eIF2B+y did. This
suggests that the eIF2By I-patch domain is not required for
interactions within the eIF2B complex (Fig. 6B).

To confirm these interactions, we coexpressed the truncated
subunits with myc-hexahistidine-tagged versions of elF2By
(for eIF2Be truncations) or e[F2Be (for eIF2B+y truncations) and
isolated complexes using nickel-nitrilotriacetic resin. These
data (not shown) confirmed the interactions between the trun-
cated subunits and the rest of the eIF2B complex.
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elF2By Assists the Expression of e[F2Be—During Western
blot analysis of cell lysates to equilibrate expression of His-
tagged subunits prior to pull-down, we noted a decreased
expression of ectopically expressed elF2Be in mutants that
resulted in decreased interaction between elF2By and ¢,
regardless of whether the mutation was in elF2B7y or elF2Be.
Therefore, we investigated whether expression of elF2By is
required to stabilize expression of elF2Be. We transfected
HEK293 cells with all five subunits or with all the subunits bar
elF2Byor elF2Be (Fig. 7A) and analyzed expression of e[F2Be in
the cell lysates by Western blotting. We found that omission of
elF2By from the transfection lead to a 70% decrease in eIF2Be
expression compared with lysates expressing all five subunits
(p <0.01, n = 4). Furthermore, we observed a 35% decrease in
expression of eIF2B& expression (p < 0.05). However, omission
of eIlF2Be had no effect on expression of elF2Bvy, but again
resulted in a 35% decrease in eIF2B& expression.

To investigate whether the interaction of e[F2By with eIF2Be
was sufficient for stability of the latter, we expressed the eIF2By
NT and I-patch domains or eIF2By AL. Western blotting of the
lysates (Fig. 7B) showed that eIF2B+y Al is able to stabilize ectop-
ically expressed elF2Be but that the NT and I-patch domains
alone are unable to stabilize eIF2Be. Because elF2By Al is able
to interact with elF2Be (Fig. 6B), unlike the NT and I-patch
domains alone, we concluded that the interaction between
elF2Bvy and elF2Be was sufficient for stability of the latter.

DISCUSSION

To learn more about the structural organization of eIF2B, in
particular the roles of the NT and I-patch domains, we analyzed
the effects of a number of mutations of residues in these
domains that are conserved, either between elF2By and e,
within eIF2B sequences from a large range of species, or con-
served in the homologous domains, i.e. NT or I-patch domains.
The key findings from these data demonstrate that both the NT
and I-patch domains play key roles in the assembly of the eIF2B
holocomplex (Fig. 8) and pinpoint the roles of highly conserved
residues in the NT domain for interactions between e[F2By and
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FIGURE 8. Scheme indicating residues and domains involved in intersub-
unit interactions within elF2B complexes. The conserved domains are indi-
cated. Numbering is on the basis of the human protein sequences. A, domains
and residues involved in interactions in elF2Be with other elF2B subunits. The
minimum region required for interaction with the “regulatory” subcomplex is
shown in red, along with mutations affecting this interaction. The minimum
region required for interaction with elF2By is shown in green, along with
mutations identified as affecting this interaction. B, domains and residues
involved in interactions of elF2By with other elF2B subunits. The minimum
region required for the interaction of elF2By with the other elF2B subunits is
shown in red, along with mutations of residues affecting these interactions.

elF2Be. We have also identified residues in these domains that
affect the activity of eIF2B, independently of effects on the abil-
ity to form complexes, despite being distant from the catalytic
site. Furthermore, we show that expression of individual sub-
units, specifically eIF2B6 and ¢, is positively modulated by the
presence of other subunits. Our data substantially extend ear-
lier work that aimed to explore the regions of e[F2Be that are
involved in interactions with other subunits by expressing trun-
cated versions of eIF2Be in insect cells (37).

The NT Homology Domain Mediates Subunit Interaction and
Activity of elF2B— A large number of proteins have been shown
to contain domains homologous to nucleotidyl transferases
(nucleoside diphosphate sugar pyrophosphorylases). The orig-
inally identified members of this family are involved in nucleo-
side diphosphate sugar formation in bacteria, but a number of
other proteins have been identified with either an NT domain
or with both NT and I-patch domains (8).

We investigated the role of this domain in the eI[F2B-y and €
subunits by mutating a number of residues that were either
conserved within elF2B sequences across a number of species
or were conserved in eIlF2B and NT sequences (Fig. 8). We
identified several residues in conserved motifs in the NT
domain, in particular the LLP (residues 67—-69 of elF2Be and
27-29 of eIF2B7y) and L(V/L)L (residues 149 —151 of eIF2Be and
101-103 of elF2By) motifs, as being critical for interactions
with the regulatory subcomplex and, in the case of Leu-149/
Leu-150 in elF2Be, for formation of the whole complex.
Homology modeling of elF2Be suggests that Leu-67, Leu-68,
Tyr-78, and Leu-80 lie on the surface of elF2Be, in a groove
between the NT and I-patch domains (Fig. 74, residues in yel-
low). These residues are thus likely either to directly mediate or
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to coordinate residues required for interaction with the sub-
units of the regulatory subcomplex. Leu-149 and Leu-150, how-
ever, are predicted to be buried within the interior of the
domain (Fig. 7A, orange residues). Therefore, the observation
that mutating them impairs binding of eIF2Be to all the remain-
ing subunits is likely to be due to destabilization of the domain
structure, rather than reflecting a direct interaction at the inter-
face between the subunits. This is consistent with the fact that
mutating single residues in this region has no effect on subunit
binding or eIF2B activity. The corresponding residues in
elF2By and Leu-102/Val-103 are predicted to have a similar
location in that protein, and again mutations of these residues
led to decreased binding to the other subunits (Fig. 34).

The other residues that we mutated, which had little or no
effect on subunit association, are predicted to be present on the
opposite face of the domain. Interestingly, the mutations that
showed a defect in eIF2B activity, D133A and L135A (Fig. 74,
cyan residues), were modeled to be very close to the Asn-Phe
motif at residues 263-264 (green residues), mutation of either
of which has a dramatic effect on elF2B activity but not on
elF2B complex formation. However, Arg-55 and Arg-169,
mutations of which have no effect on complex formation or
activity, are distant both from the residues affecting interac-
tions and activity (Fig. 7A, purple residues).

Of particular interest was the effect of mutation of Asp-154
in elF2Be¢, which led to a 2-fold increase in eIF2B activity. This
residue is predicted to bind a Mg®>" ion in nucleotidyl trans-
ferases that contributes to their enzyme activity. elF2B has been
reported to bind and be regulated by NAD(P)H/NAD(P)* (27,
38). The present data could perhaps reflect an effect of the
D154A mutation on nicotinamide adenine dinucleotide bind-
ing, given that that eIF2Be does contain a region with homology
to nucleotide-binding enzymes (a decrease in NAD(P)™ bind-
ing might relieve the reported inhibition by these compounds).
However, it is not clear whether the € subunit actually binds
these nucleotides. Indeed, although several subunits of e[F2B
do undergo photoaffinity labeling by 8-azido analogues of GTP
or ATP, the labeled subunits did not include eIF2Be but rather
elF2Bp (8-azido-GTP) and probably elF2B+y/5 (8-azido-ATP))
(39). Further work is therefore needed to understand the basis
of the effect of the D154A mutation.

The I-patch Domain of elF2Be Is Involved in Holocomplex
Assembly—The functional significance of the I-patch domains
of elF2Byand ¢, first noted in 1995 (8), has also not been studied
previously. These domains contain a signature repeat of hydro-
phobic branched chain amino acids at approximately six resi-
due intervals. This I-patch repeat is conserved across all known
elF2B+y and elF2Be sequences, which is strongly suggestive of a
crucial role in the structure and/or function of the eIF2B holo-
complex. In other proteins, such domains have been shown to
form B-helical structures stabilized by the repeating hydropho-
bic residues and have been shown to mediate protein-protein
interactions within protein complexes (29-33). We therefore
explored the possibility that these domains might be responsi-
ble for interactions within the catalytic subcomplex (because
both eIF2B7y and elF2Be contain this type of repeat). To test
this, we mutated a number of the repeating residues to assess
their functional significance.
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A typical B-helix consists of three “faces” of B-strand struc-
ture forming a left-handed helix (34). This structure is stabi-
lized by the hydrophobic branched chain amino acids facing
into the core of the helix. Only two mutations of single residues
(I368A and I385A) affected the association of eIF2Be with other
subunits. These residues are predicted to lie on the same face of
the B-helix (Fig. 2, residues depicted in light brown). Mutation
of these led to a decrease in both subunit interactions and eIF2B
activity. The I385A mutation had the most dramatic effect on
elF2B activity of all the mutations in this study, virtually wiping
out all eIF2B activity and seriously affecting binding to the reg-
ulatory subcomplex but not to el[F2B+y. This activity is less than
expected for eIF2Bye binary complexes, which show 20% of the
activity of the complete complex (16). Thus, these residues may
have a direct influence on the activity of eIF2B. However, it is
possible that this mutation destabilizes the I-patch domain and,
therefore, affects the adjacent catalytic domain. This would not
affect the interaction with eIF2B+y because only the region of the
subunit prior to the I-patch is required for this interaction.
Curiously, a VWM-associated mutation at this residue, 1385V,
which is associated with severe infantile disease, albeitin a com-
pound heterozygous manner with Y343C (36), had virtually no
effect on eIF2B activity or complex formation. In contrast to the
I385A mutation, the replacement of isoleucine by valine is rel-
atively conservative. Furthermore, we found that mutation of
the equivalent residue in eIF2Bvy (Ile-381) failed to mimic the
effect on either complex formation or eIF2B activity. As we
have reported previously, a number of VWM-associated muta-
tions have no noticeable defect in either eIF2B activity, mea-
sured by GTP exchange on purified eIF2, or on complex forma-
tion (16).

Subunit Interactions Mediated by Individual Domains—A
key finding for mutations in the I-patch domains of elF2B-y and
€ was their lack of effect on the interaction between these two
subunits, whereas certain mutations of the NT domain did
affect this. To explore this further, we produced GST-tagged
constructs of the NT and I-patch domains of e[F2By and € to
investigate whether the individual domains alone were suffi-
cient to interact with the other subunits. However, we found
that, although they could be expressed in human cells, neither
domain was able to interact with any of the other subunits. In
the homology structure, the NT-domain does not appear to
form a distinct domain but is part of a larger domain separate
from the I-patch (Fig. 2, red backbone).Therefore, we produced
constructs of elF2By and € truncated prior to the I-patch
domain (Fig. 74). We found that eIF2Be Al is only able to inter-
act with e[F2By (Fig. 7B). This confirmed our mutagenesis data
that suggested that the eIF2Be I-patch domain is not necessary
for the interaction between elF2B7y and e. In contrast, e[F2By
Al was able to interact with all the other subunits (Fig. 7B). This
suggests that the eIF2By I-patch is unnecessary for interactions
within the eIF2B holocomplex (Fig. 8).

We have demonstrated previously that eIF2Be with a 46-res-
idue deletion in the catalytic domain is still able to interact with
the remaining subunits (26). Therefore, we produced a trunca-
tion of eIF2Be just after the I-patch domain (Fig. 7A). This trun-
cated version contains the entire region of eIlF2Be homologous
to elF2Bvy. As expected, this truncated version of eIF2Be was
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able to interact with the other subunits (Fig. 7B), suggesting
that the regions of elF2Be not homologous to eIF2Bvy are not
required for intersubunit interactions.

Mutual Facilitation of Expression of eIF2B Subunits—Ex-
pression of a multi-subunit complex within a cell requires tight
regulation to ensure that equal quantities of each subunit are
produced. This regulation can occur at the level of transcrip-
tion, translation, or protein stability and may encompass all
these mechanisms. We noticed that the expression level of
elF2Be was always decreased in lysates where mutated subunits
that affected interactions within the catalytic subcomplex were
used, regardless of whether the mutated subunit was eIF2B+y or
€. We investigated this further by overexpressing all five myc-
tagged elF2B subunits and comparing this to cells where the
subunits were expressed, except eIF2By or elF2Be. We found
that omitting eIF2B7y led to a significant (70%) decrease in
expression of ectopic eI[F2Be, whereas omitting eIF2Be had no
effect on eIF2By expression (Fig. 7A). Furthermore, absence of
either subunit led to a decrease in eIF2Bd expression. We saw
no effect on expression of the « or 8 subunits (Fig. 7A).

Because our expression constructs do not contain the native
untranslated regions of any of the subunits, we hypothesized
that interaction between eIlF2Bvy and € was the stabilizing fac-
tor. Therefore, we expressed truncations and individual
domains of eIF2B+y (Fig. 7A) to see whether these were able to
stabilize the ectopically expressed elF2Be. We found that
only elF2By Al the only truncated polypeptide which can
interact with elF2Bg, is able to restabilize ectopic eIF2Be
(Fig. 7B).

This enhancement of eIF2Be expression by eI[F2By may pro-
vide a novel form of regulation of eIF2B, whereby expression of
elF2Beg, the catalytic subunit, is modulated by expression of the
other subunits. This could allow tight control over the levels of
elF2Be and, consequently, elF2B activity. Such regulation may
be very important because increased elF2B activity can increase
the rate of cell growth (4) and so may be a mechanism of
tumorigenesis.

The interactions within a multisubunit complex such as
elF2B are crucial in defining its function and stabilization. Such
interactions are frequently mediated by conserved domain
structures and, particularly, conserved residues in such do-
mains. Here we have examined the role of a number of residues
in two such domains, the NT and acyl transferase (I-patch)
domains of the vy and € subunits of e[F2B, which comprise the
catalytic subcomplex. We have shown that these domains play
a role in mediating the interactions between the catalytic and
regulatory subcomplex (containing the «, 3, and 6 subunits of
elF2B) as well as interactions within the subcomplex. We have
also shown that a number of these residues are important for
full activity of eIF2B and may be involved in external regulatory
mechanisms of e[F2B.

Quite independently of this study, Reid et al. (40) adopted a
different but complementary approach to investigate the inter-
actions between subunits of the yeast e[F2B complex in which
they expressed domains of eIF2B and tested their abilities to
interact with other eIF2B subunits or their domains. Their data
are generally in good agreement with ours, although in some
cases the domains used in the two studies are not equivalent,
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making direct comparison more difficult. Their data also show
that the conserved aspartate in the NT domain, which is Asp-
154 in the human protein, is also dispensable for GEF function.

Interestingly, we have also identified a potential new means
by which the cellular levels of eIF2B can be regulated through
the elF2By-mediated augmentation of the expression of
elF2Beg, the catalytic subunit. This mechanism could operate to
ensure costoichiometric expression of eIF2By and elF2Bg, the
key components of the catalytic subcomplex. Maintaining cor-
rect levels of eIF2B is probably a critical parameter governing
rates of protein synthesis, given its central role in regulating
translation initiation (1) and the fact it is the least abundant of
the main translation initiation factors (26).
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