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ABSTRACT

Autosomal recessive mutations in eukaryotic initiation factor 2B (eIF2B) cause leukoenceph-

alopathy vanishing white matter (VWM; OMIM 603896) with a wide clinical spectrum. eIF2B 

comprises five subunits (α-ε; genes EIF2B1, 2, 3, 4 and 5) and is the guanine nucleotide-exchange 

factor (GEF) for eIF2. It plays a key role in protein synthesis. Here, we have studied the functional 

effects of selected VWM mutations in EIF2B2-5 by co-expressing mutated and wildtype subunits 

in human cells. The observed functional effects are very diverse, including defects in eIF2B com-

plex integrity; binding to the regulatory a-subunit; substrate binding; and GEF activity. Activity 

data for recombinant eIF2B complexes agree closely with those for patient-derived cells with the 

same mutations. Some mutations do not affect these parameters even though they cause severe 

disease. These findings are important for three reasons; they demonstrate that measuring eIF2B 

activity in patients’ cells has limited value as a diagnostic test; they imply that severe disease 

can result from alterations in eIF2B function other than defects in complex integrity, substrate 

binding or GEF activity and, lastly, the diversity of functional effects of VWM mutations implies 

that seeking agents to manage or treat VWM should focus on downstream effectors of eIF2B, 

not restoring eIF2B activity.
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INTRODUCTION

eIF2B (eukaryotic initiation factor 2B) plays a key role in protein synthesis (mRNA translation) 

and in its regulation.1 It acts as a GDP-dissociation stimulator protein (GDS)2 to mediate guanine 

nucleotide exchange on eIF2, the factor that (as eIF2.GTP) brings the initiator methionyl-tRNA 

(Met-tRNAi
Met) to the ribosome to recognize the start codon during each ‘round’ of translation 

initiation. eIF2B is thus often referred to as a guanine nucleotide-exchange factor (GEF). The 

observations that overexpressing eIF2B increases protein synthesis rates in cardiomyocytes and 

HEK293 cells3,4, and induces growth of the former, indicates that eIF2B is a critical rate-deter-

mining component of the protein synthesis machinery. Consistent with this, eIF2B activity can be 

regulated in several different ways.1

eIF2B comprises five different subunits (α-ε), encoded, respectively, by the genes EIF2B1-5 

(OMIM accession numbers 606686, 606454, 606273, 606687 and 603945). The largest one, eIF-

2Bε, contains the catalytic domain (approximately residues 527-726 in human eIF2Bε) within 

its C-terminal region which mediates GDP/GTP exchange on eIF2.5,6 The extreme C-terminus of 

eIF2B ε interacts with eIF2.7 Large sections of the sequences of eIF2B γ and eIF2Bε show mutual 

sequence similarity.8 These two subunits form a binary complex termed the ‘catalytic subcom-

plex’.9 The other three subunits, α, β and δ, also show mutual sequence similarity10,11 and form a 

‘regulatory subcomplex’9, so named because it confers on the holocomplex sensitivity to inhibi-

tion by the substrate eIF2 when the latter protein is phosphorylated at Ser51 in its α-subunit.12 

This provides one important means of controlling eIF2B activity.

The importance of the integrity and/or activity of eIF2B complexes for normal cell function is 

underlined by the fact that mutations in eIF2B lead to a neurodegenerative disorder, which is 

often severe and is termed ‘vanishing white matter’ (VWM; OMIM 603896)) or ‘childhood ataxia 

with central nervous system hypomyelination’ (CACH).13-15 Mutations in any one of the five sub-

units of eIF2B can cause this disease, although the majority of VWM patients have mutations in 

eIF2Bε.13,16 A striking feature of this condition is its phenotypic variation, some mutations giving 

rise to very severe congenital disease while others are associated with mild adult and late-child-

hood-onset forms. Furthermore, while neurological features are always present, additional or-

gans and tissues are affected in some patients, mainly infants with severe disease. 

Few VWM mutations have so far been studied in terms of their effects on human eIF2B function, 

all of which proved to be partial loss-of-function mutations17, affecting, e.g., the integrity of 

eIF2B complexes and/or eIF2B activity. Since our earlier study, a large number of additional VWM 

mutations in eIF2B subunit genes have been described (about 160). Of these, 95 mutations are 

in EIF2B5; 24 in EIF2B4, 17 in EIF2B3, 17 in EIF2B2, and 8 in EIF2B1.16 

Here, we characterize a range of these additional VWM mutations within several eIF2B subu-

nits, including for the first time some that cause the most severe known variants of VWM. Our 

data extend earlier work indicating that VWM mutations affect eIF2B complexes in a variety of 
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ways. In particular, we find no evidence for a relationship between the degree of impairment 

of eIF2B function and the severity of the disease associated with the mutations tested here. An 

important implication of this finding is that measuring eIF2B activity in patient derived samples 

is of very limited diagnostic value. The data also suggest that some VWM mutations may affect 

novel functions of eIF2B distinct from its guanine nucleotide exchange activity.

MATERIALS AND METHODS

Vectors and site-directed mutagenesis

The vectors for myc- or his/myc-tagged eIF2Bβ and e used here are based on those described 

earlier.4,17 The vectors for his/myc-tagged eIF2Bγ and eIF2Bδ were created in a similar way. 

All vectors were fully resequenced after mutagenesis. The amounts of the vectors encoding 

different subunits of eIF2B were adjusted to achieve similar levels of expression of each 

subunit. Throughout this report, the nucleotide numbering reflects cDNA numbering with +1 

corresponding to the A of the ATG translation initiation codon in the reference sequence. The 

initiation codon is numbered codon 1.

Cell culture, transfection and lysis 

The approach involves co-transfecting human cells with, usually, five different vectors for the 

α-ε subunits of eIF2B. We employ human embryonic kidney (HEK) 293 cells and the calcium 

phosphate-based transfection method18 as modified by Hall-Jackson et al.19 as they provide 

very high efficiency (typically >95% of cells are transfected as judged from routine parallel 

transfections using a vector encoding the green fluorescent protein, GFP). The amounts of the 

vectors encoding different subunits of eIF2B used for transfections were carefully adjusted to 

achieve similar levels of expression of each subunit. Experiments showing lower transfection 

efficiencies were rejected. All experiments were conducted at least three times and data from 

all experiments compared to enable us to accurately assess the effects of each eIF2B mutation 

tested. HEK293 cells were propagated, transfected and lysed as described earlier.4,19 The lysis 

buffer used contains 25mM HEPES-KOH (pH 7.6); 25mM b-glycerol phosphate, 10% (v/v) glyc-

erol, 50mM KCl, 15mM imidazole, 14mM b-mercaptoethanol, and 0.5% Triton X-100, plus the 

following proteinase and protein phosphatase inhibitors: 0.5mM NaVO3; 1mM, benzamidine 

hydrochloride; 0.1mM phenylmethylsulfonylfluoride; 1 mg/ml each of pepstatin, antipain and 

leupeptin.

Transformed lymphoblastoid cell lines were obtained by immortalizing peripheral blood lym-

phocytes with Epstein-Barr virus as described.20 Lymphoblasts and primary fibroblasts were cul-

tured and prepared as described earlier21,22 with minor modifications for the fibroblasts, which 

were harvested after 5 days and assayed immediately. Beta-glycerophosphate was used as pro-

tein phosphatase inhibitor in the lysis buffer for lymphoblasts and fibroblasts. 
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Analysis of eIF2B complexes

In all cases, crude lysates from transfected HEK293 cells were analyzed by SDS-PAGE/western 

blot (using anti-myc) in order to monitor the levels of expression of the eIF2B subunits. 

(Meantime, lysates were stored at -80C in small aliquots, which were subsequently thawed 

only once and then discarded). Based on these data, appropriate quantities of lysate were 

used for the purification of the eIF2B complexes. This was performed by purifying the 

hexahistidine/myc-tagged subunit under study together with any associated myc-tagged 

subunits on Ni-NTA (nickel-chelate nitriloacetic acid) beads. The bound material was then 

analysed by SDS-PAGE followed by western blot with anti-myc, as described earlier.17 Typically, 

50-100 mg of cell lysate protein was applied to 10 ml of the resin (topped up to a total of 0.5 

ml with lysis buffer containing 20 mM imidazole). After mixing for 1h at 4oC, the beads were 

washed twice with lysis buffer containing 0.15% Triton X-100, and then once with the eIF2B 

assay buffer (20mM Tris-HCl, pH 7.5, 50mM KCl, 1mM dithiothreitol). Typically five parallel 

pull-downs were performed of equal volumes of each lysate; three were used for the eIF2B 

activity assays; two were combined and analysed by SDS-PAGE/western blot with anti-myc or 

antibodies for eIF2α or eIF2α phosphorylated at Ser51 (eIF2(αP)). Antibodies to human eIF2Bβ 

(sc-9979), eIF2Bδ (sc-9981) and eIF2α (sc-11386) were obtained from Santa Cruz; anti-eIF2Bα 

(ab40744) was purchased from Abcam. Anti-myc (M4439-100UL) was from Sigma-Aldrich. 

Antibodies to phosphorylated eIF2α (#9721S) were from Cell Signaling Technology.

Measurement of eIF2B nucleotide exchange activity

Care was taken to ensure that all assays were performed within the linear range of the assay, 

which corresponds to release of 25-30% of the bound [3H]GDP, in order to ensure that our as-

says accurately reflect the activity of the eIF2B tested.23 Any assays which fell outside this range 

were repeated with a reduced quantity of eIF2B complexes. All assays were performed at 30°C, 

in triplicate and on three independent preparations of each type of complex. Any discrepancies 

were resolved by performing additional experiments in triplicate. Data are expressed as mean ± 

SEM (n ³ 3), with the activity of complexes containing only wildtype (WT) subunits being set at 1.

Patient-derived cell lines

The eIF2B activity in lysates of patient-derived cells was performed as described earlier.21,22 Pro-

tein concentrations were equalized at 0.5 µg/µl before measuring activity. Briefly, to a tube con-

taining eIF2.[3H]GDP complex and a 100-fold excess of non-radiolabelled GDP, cell supernatant 

(30mg total protein) was added. The reaction mixture was incubated at 30oC. Aliquots were 

removed from the reaction mix at 0, 2 ,4 and 6 minutes. The linear decrease in binding of eIF2.

[3H]GDP to nitrocellulose filter disks was quantified by measuring radiation by liquid scintilla-

tion spectrometry. Experiments were carried out twice and activities per lysate were measured 

in duplicate. 
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RESULTS

Validation of the assays for eIF2B activity

To study the effects of VWM mutations on the properties of the eIF2B complex, we employed an 

approach that we have reported previously.17 This involves expressing the subunit under study 

(either WT or mutant) equipped with a hexahistidine tag and a myc tag, along with myc-tagged 

WT versions of all four other subunits, in HEK293 cells. Subsequently, the cells are lysed and 

lysates are applied to nickel beads on which the histidine-tagged subunit and any associated 

proteins (other eIF2B subunits, eIF2, etc) will be retained. After purification, samples are im-

mediately analysed for guanine nucleotide-exchange activity using a standard assay employing 

eIF2.[3H]GDP complexes as substrate. Data are normalized after SDS-PAGE/western blot analysis 

using anti-myc of an aliquot of each sample to ascertain the levels of eIF2B subunits, especially 

the catalytic ε-subunit, and to examine the association of other eIF2B subunits with the his6/

myc-tagged eIF2B polypeptide. This analysis will reveal changes in the ability of the mutated 

subunit to form complexes with other eIF2B polypeptides, but cannot report more subtle chang-

es in conformation which may affect GEF activity. Careful comparison of western blot data from 

lysates from multiple experiments confirmed that none of the missense mutations tested here 

affected the expression levels of the mutated polypeptides, indicating that these mutations do 

not affect protein stability (data not shown). This contrasts with the decreased expression levels 

observed for the nonsense (premature stop) mutants we tested previously17 and which clearly do 

result in decreased stability of the (truncated) polypeptides. 

Figure 1 | validation of the preparation and analysis of recombinant eIF2B complexes. (A) 

GEF assays were performed using purified wildtype eIF2B complexes using two different concentrations of 

eIF2.[3H]GDP complexes. (B) HEK293 cells were transfected with vectors encoding the indicated eIF2B sub-

units, all with myc tags; eIF2B ε also had a his-tag. After purification on Ni-NTA beads, complexes were 

analysed by SDS-PAGE and western blot using either anti-myc (top section, detects all five subunits [where 

present]; ‘ns’ indicates non-specific cross-reaction) or antibodies that detect eIF2Bα β or δ, as indicated.  
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To confirm that our measurements of eIF2B GEF activity accurately reflect effects of mutations 

on the properties of eIF2B, we conducted some further validation. Thus, in addition to ensuring 

that data, lay within the linear range for this assay, we also assessed the dependency of the rate 

of the GEF reaction on the amount of substrate, eIF2.[3H]GDP. We tested the rate of the reac-

tion at the usual level of eIF2.[3H]GDP complexes (9nM) and at three times that concentration 

(27nM). The rate of the reaction (release of [3H]GDP) tripled when three times as much substrate 

was used (figure 1A). This demonstrates that the substrate concentrations used are well below 

the Km and thus that any effects of mutations on either the Km or Vmax will be manifested as 

changes in the observed activity. As described earlier, we employ a substantial excess of eIF2 

as substrate relative to the eIF2 introduced into the assay with the eIF2B.23 This will overcome 

effects due to the competitive inhibition of eIF2B by any phosphorylated eIF2 introduced into 

the assays due to its association with the eIF2B complexes.24

Secondly, we assessed the extent to which the host cells’ own endogenous eIF2B subunits as-

sociated with the recombinant complexes studied here. To do this, cells were transfected with 

vectors for all five subunits, as usual, or with vectors for eIF2Bβ-ε or eIF2Bγ and eIF2Bε only. 

We have previously shown that these combinations of subunits form stable complexes that can 

be isolated.17 In principle, endogenous subunits might associate with the ectopically-expressed 

eIF2B polypeptides. This would be assessed most easily by looking for the presence of endog-

enous eIF2Bα in the complexes obtained when cells are transfected with vectors for eIF2Bβ-ε 

and for endogenous eIF2Bα, β and δ, when only the eIF2Bγ and e vectors are used. The purified 

complexes were then purified and analysed by western blot using both anti-myc, to detect the 

recombinant subunits, and antisera for eIF2Bα, β or δ, to detect copurifying endogenous poly-

peptides. 

As shown in Figure 1B, no endogenous subunits were detected in the complexes from cells trans-

fected with eIF2Bβ-ε or eIF2Bγ/ε, although the signals for the recombinant subunits detected us-

ing the same antibodies were strong. This implies that any association of endogenous subunits 

with the recombinant ones is, at most, very low. Thus, the data reported here are not influenced 

by the association of endogenous subunits with the recombinant complexes. In most cases (with 

the sole exception of Figure 5), this would not affect the data in any case, since, apart from the 

myc, tag the human subunits expressed from the vectors are identical to the endogenous human 

eIF2B polypeptides. 
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Figure 2 | Analysis of the effects of VWM in eIF2Bε. HEK293 cells were transfected with vectors encoding his/

myc-tagged WT eIF2Bε or the indicated mutants plus myc-tagged versions of the other four eIF2B subunits. 

After analysis of the resulting lysates by SDS-PAGE western blot using anti-myc, samples containing similar 

amounts of his/myc-eIF2Bε were subjected to purification on Ni-NTA beads to isolate recombinant eIF2Bε 

and associated subunits. Samples of the purified material were either analysed by SDS-PAGE and western 

blot using anti-myc (A) or assayed for eIF2B (nucleotide exchange) activity (B). In (A), the positions of the 

myc-tagged eIF2B subunits are shown. Membranes were also probed for eIF2α or eIF2α phosphorylated on 

Ser51 (eIF2(αP)), as indicated. * indicates the his-tagged subunit (i.e., here it is eIF2Bε). *, p < 0.05 vs. wildtype 

(Student’s t-test).
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Effects of VWM mutations in the NT-homology region of eIF2Bε
One of the most N-terminal VWM mutations in eIF2Bε is A16D. This residue is widely conserved 

(table 1). The A16D mutation had no effect on either the formation of eIF2B complexes (figure 

2A) or eIF2B GEF activity (figure 2B). The A16D mutation is only known to occur in a compound 

heterozygous state with the mild R113H mutation, and is associated with ‘classical’ VWM.22,25,26 

We realize one should be careful making statements on disease severity in patients with com-

pound heterozygous mutations. The clinical phenotype appears to be determined by the com-

bined effect of both mutations and not by either the mildest or the most severe mutation.27 

The N-terminal part of eIF2Bε contains a region with homology to nucleotidyl-transferases (NTs; 

residues 44-1658). Within this region are several VWM mutations, some of which occur at very 

highly conserved residues (table 1). All of these mutants formed holocomplexes similarly to the 

WT subunit, with no defect in association of any subunit or of the eIF2B complex with its sub-

strate, eIF2 (figure 2A and data not shown; summarized in table 2). It should be noted that (i) no 

eIF2 is observed in Ni-NTA pulldowns from cells transfected with empty vector or with the five 

vectors for myc- tagged eIF2B subunits (i.e., without a hexahistidine tag; data not shown) and 

(ii) the amount of eIF2 phosphorylated at Ser51 (eIF2(αP)) also did not vary.

The F56V21 and L68S28 mutants, which have been identified in compound heterozygous patients 

and are associated with classical or severe infantile VWM, showed slightly reduced exchange ac-

tivity while complexes containing eIF2Bε[V73G]14 actually displayed enhanced activity (increased 

by about 60%; figure 2B). 

R136C is a further example of a VWM mutation in the NT domain involving a highly conserved 

residue (table 1). We have identified two patients that are homozygous for this mutation and 

exhibit a classical disease phenotype with an onset at about two years of age. This mutation did 

not affect complex formation (figure 2A, right hand section) but did cause a 40% drop in eIF2B 

activity (figure 2B), indicating that mutations in the NT domain can influence activity. Mutation 

of the corresponding arginine residue in mouse eIF2Bε to a histidine, which is also a clinically 

reported mutation16, results in a loss of eIF2B activity of approximately 25%.29

Interestingly, the R269G mutation (which lies between the NT and I-patch domains;28 showed a 

slight increase in eIF2B activity (figure 2B), although this did not reach statistical significance (p 

= 0.08). This mutation did not affect complex formation (figure 2A).
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Table 1 | Genes and mutants studied in this report

HGNC 
Gene 
name 
(eIF2B 
subunit)

OMIM  
and  
MIM  

numbers

Accession 
number

DNA  
mutation

Amino 
acid 

change

Conservation

Pt Mm Rn Oc Bt Dr Sc

EIF2B2

(eIF2B β)

eif2b2
606454

NM_014239.2 c.512C>T S171F S S S S S S S

c.599G>T G200V G G G G G G A

c.638A>G E213G E E E E E E E

c.818A>G K273R K K K K K K K

c.871C>T P291S P P P P P P S

c.986G>T G329V G G G G G G G

EIF2B3

(eIF2Bγ)

eif2b3
606273

NM_020365.2 c.407A>C Q136P Q Q Q Q Q Q K

c.674G>A R225Q R R R R R R A

c.1023T>G H341Q H H H H H H I

EIF2B4

(eIF2B δ)

eif2b4
606687

NM_001034116.1 c.1069C>T R357W R R R R R R K

c.1172C>A A391D A A A A A L L

c.1447C>T R483W R R R R R G N

EIF2B5

(eIF2Bε)

eif2b5
603845

NM_003907.2 c.47C>A A16D A A A A V A A

c.166T>G F56V F F F F F F F

c.203T>C L68S L L L L L L L

c.217G>A V73G V V V V V V V

c.236C>T T79I T T T T T T T

c.271A>G T91A T T T T T T V

c.338G>A R113H R H H R R R -

c.406C>T R136C R R R R R R R

c.805C>G R269G R R R R R R R

c.806G>A R269Q R R R R R R R

c.896G>A R299H R R R R R R R

c.1208C>T A403V A A A A A A -

c.1459G>A E487K E E E E E E I

c.1484A>G Y495C Y Y Y Y Y Y Y

c.1745+5G>A Y583X -- -- -- -- -- -- --

c. 1882T>C W628R W W W W W W W

c.1946T>C I649T I I I I I M I

c.1948G>A E650K E E E E E E K

Conservation: the species listed are: Pt, Pan troglodytes; Mm, Mus musculus; Rn, Rattus norvegicus; Oc, Oryc-

tolagus cuniculus; Bt, Bos taurus, Dr, Danio rerio; Sc, Saccharomyces cerevisiae.

‘-‘ indicates an amino acid change in a region with little conservation. ‘- -‘ nonsense mutation.
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As shown in Figure 2A, and consistent with our earlier data17, some eIF2 co-purifies with the 

eIF2B complexes. In the case of the mutants described above, the amount of eIF2 (assessed by 

blotting for its α-subunit) and the amount of eIF2α which is phosphorylated on Ser51 (eIF2(αP)) 

was similar in all cases. This associated eIF2 will not therefore affect the measured GEF activity 

in comparison with WT complexes.

Analysis of the effects of VWM mutations in the C-terminal regions of eIF2Bε
The Y495C mutation in eIF2Bε is associated with very severe disease (infantile form30) in patients 

that are homozygous for this variant. This residue is highly conserved (table 1) suggesting it may 

have an important function. It is therefore quite surprising that this mutation did not affect 

complex integrity, activity or binding to eIF2 (figure 2A,B; see table 2 for summary).Although 

almost 100 VWM mutations have now been identified in eIF2Bε, only six missense mutations 

lie within its catalytic domain, P604S31, M608I16, W628R14, I649T32, E650K14 and W684S16. If the 

mutations were randomly distributed, then about sixteen would be expected to occur in this 

domain. We previously studied the W628R mutation.17 Neither I649T nor E650K had a discern-

ible effect on complex formation but each caused a marked decrease in activity (figure 2A,B).

The amount of eIF2 and eIF2(αP) associated with the Y495C mutant was similar to that seen for 

complexes containing WT eIF2Bε (figure 2A) but was decreased in the cases of the two catalytic 

domain mutants I649T and E650K (figure 2A). The reduced binding of eIF2 to these two mutants 

is similar to the observations we made earlier for the only other catalytic domain mutant so far 

tested in this way, W628R.17 Their decreased ability to bind eIF2 may, at least in part, explain 

their reduced GEF activity against eIF2.GDP. 
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Table 2 | Summary of data from studies on recombinant eIF2B complexes.

Subunit (gene 
/OMIM accession  
Number)

Mutation Disease severity Effect on 

GEF  

activity

Effect on  

holocomplex 

formation

Comments

eIF2Bβ;
(EIF2B2/
606454)

S171F (heterozygous) ± No effect

G200V (heterozygous) Nd Complete loss

K273R (heterozygous) ↓↓ No effect

P291S (heterozygous) Nd ↓↓↓

G329V (heterozygous) ↓↓↓ eIF2Ba lost

eIF2Bγ
(EIF2B3/
606273)

Q136P intermediate

/mild***

↓ No effect

R225Q classical* ± No effect Decreased eIF2 
binding

H341Q classical*** ↓ No effect

eIF2Bδ
(EIF2B4/
606687)

R357W classical *** ↓↓↓ ↓↓↓

A391D severe** ± No effect

R483W severe** ↓↓↓ ↓↓↓

eIF2Bε
(EIF2B5/
603945)

A16D (heterozygous) ± No effect

F56V (heterozygous) ↓ No effect

L68S (heterozygous) ± No effect

V73G (heterozygous)   ↑↑ No effect

R136C classical* ↓↓ No effect

R269G severe****  ↑ No effect

Y495C severe** ± No effect

I649T (heterozygous) ↓↓↓ No effect Decreased eIF2 
binding

E650K (heterozygous) ↓↓↓ No effect Decreased eIF2 
binding

* unpublished, own data ** (van der Knaap et al., 2003); *** (Fogli et al., 2004a); **** (Ohlenbusch et al., 2005).

# GEF activity (relative to control) ↑↑ >150%; ↑  >130%; ↓ 70-90%; ↓↓ 50-70%; ↓↓↓ <50%; ± indicates no 

significant difference from controls. 

Analysis of the effects of selected additional VWM mutations in eIF2Bγ
Together with eIF2Bγ, eIF2Bε forms the so-called ‘catalytic subcomplex’.9 Several mutations in 

human eIF2Bγ are associated with VWM but their functional consequences have not previously 

been studied. Therefore, we characterized the effects of three mutations in EIF2B3, the gene en-

coding eIF2Bγ. These mutations, Q136P, R225Q and H341Q, are associated with mild or ‘classical’ 

infantile forms of VWM.14,33 Each had little, if any, effect on the integrity of eIF2B complexes (fig-

ure 3A) and only slightly decreased the nucleotide exchange activity of the complex (figure 3B).
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Figure 3 | Analysis of the effects of VWM mutations in eIF2Bγ (A,B) and eIF2Bδ (C,D). Please see legend to Fig. 

1 for details. (A,C) Analysis of purified recombinant eIF2B complexes by SDS-PAGE and western blot. The posi-

tions of the myc-tagged eIF2B subunits are shown. Membranes were also probed for eIF2α or eIF2α phospho-

rylated on Ser51 (eIF2(αP)), as indicated; (B,D) activity data for complexes containing the indicated mutants 

of eIF2B subunits. * indicates the his-tagged subunit in each case. *, p < 0.05 vs. wildtype (Student’s t-test).

 

The amounts of copurifying eIF2 and eIF2(αP) were similar for WT, Q136P and H341Q, but a de-

crease in both was seen for the R225Q mutant (Fig. 3A). Given that bound eIF2 impairs the GEF 

activity of eIF2B (figure 1A), our assays may overestimate the activity of complexes containing 

eIF2Bγ [R225Q]. Thus, this mutation may cause an appreciably larger decrease in GEF activity 

than is evident from the data in Fig. 3B.

Characterisation of effects of mutations in eIF2Bb and eIF2Bd

Several VWM mutations occur at highly conserved residues in EIF2B4, the gene encoding eIF2Bδ (ta-

ble 1). Interestingly, some of them are associated with the most severe forms of VWM. To date, none 

of these mutations in human eIF2Bδ had yet been functionally characterized. We analysed three 

mutants: A391D and R483W, which both result in congenital disease30; and R357W, which causes 

severe infantile VWM.25 The R357W mutant showed a greatly decreased ability to form complexes 

with other eIF2B subunits and a corresponding decrease in apparent activity (likely because eIF2Bε, 

the catalytic subunit, is largely absent from the complexes containing this mutation; figure 3C,D). 
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The R483W mutant of eIF2Bδ also showed a marked deficit in complex formation and a similar ef-

fect on eIF2B activity (figure 3C,D; see table 2 for a summary). The A391D mutation had only a mod-

est effect at most on complex formation and, surprisingly, had no significant effect on GEF activity.

The eIF2Bδ(A391D) mutation did not affect the amount of bound eIF2 or eIF2(αP), but reduced 

binding was seen for the R357W and R483W mutants (figure 3C). This decrease likely reflects the 

fact that these two mutations compromise formation of eIF2B holocomplexes, although we can-

not rule out that these mutations affect eIF2 binding in additional ways. 

We also tested five further mutations in eIF2Bβ: S171F, G200V, K273R, P291S and G329V, all at 

highly conserved positions (table 1; figure 4) 14,30,33-35, in addition to those we previously stud-

ied.17 All of the mutations tested here are found in a compound heterozygous manner in pa-

tients.13,16 Three of these mutations affected the integrity of eIF2B complexes: the P291S mutant 

showed severely reduced ability to bind the other subunits, and the G200V mutant was incapa-

ble of binding any other subunits (figure 4A). The G329V mutant was able to form a complex 

containing eIF2Bγ, δ and ε, but the complexes lacked eIF2Bα (figure 4A). The S171F, K273R and 

G329V mutations did not affect the ability to bind eIF2 (figure 4A). The degree of association 

with phosphorylated eIF2 mirrored the binding of eIF2.

Figure 4 | Analysis of the effects of VWM mutations in eIF2Bβ. Please see legend to Fig. 1 for details. (A) 

Analysis of purified recombinant eIF2B complexes by SDS-PAGE and western blot. The positions of the myc-

tagged eIF2B subunits are shown. Membranes were also probed for eIF2α or eIF2α phosphorylated on Ser51 

(eIF2(αP)), as indicated; (B) activity data for complexes containing the indicated mutants of eIF2B subunits. * 

indicates the his-tagged subunit. *, p < 0.05 vs. wildtype (Student’s t-test).

Since the G200V mutant of eIF2Bβ cannot bind the catalytic subunit, and the P291S mutant 

showed greatly decreased binding, it was not appropriate to perform activity analyses for them. 

Therefore, we assessed the activities of complexes containing the eIF2Bβ mutants which can in-

teract with other eIF2B subunits (S171F, K273R and G329V). All three mutants showed decreased 
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activity, with the greatest decrease being seen for G329V, the mutant that cannot bind eIF2Bα 

(figure 4B). We have previously observed36,37 that complexes lacking eIF2Bα show decreased 

activity (see also below), although there are also reports to the contrary.38

 

Although mutants such as eIF2Bβ[G200V] and [P291S] and eIF2Bδ[R357W] and [R483W] can-

not form eIF2B holocomplexes, binary eIF2Bγ/ε ‘catalytic’ subcomplexes may still form in cells 

expressing these mutants and may provide GEF activity for eIF2. To test this possibility, we ex-

pressed eIF2Bε together with all four other subunits, with all except eIF2Bα or with eIF2Bγ 

only. Complexes were isolated and activity assays performed as described. These data (figure 

5A) demonstrate that, mammalian eIF2Bγ and e can form stable complexes in the absence of 

the other subunits (Fig. 5A), in broad agreement with our previous data.17 However, this binary

 complex displays only about 20% of the activity of the holocomplex (figure 5B). Similarly, while 

complexes lacking eIF2Bα are able to form, they show a 50% reduction in activity compared to 

the complete eIF2B complex (figure 5). Given that the recombinant complexes do not contain 

significant amounts of endogenous eIF2B subunits (figure 1B), the activities measured here do 

accurately affect the properties of two- or four-subunit eIF2B complexes. 

Figure 5 | eIF2B complexes. (A) HEK293 cells were transfected with vectors encoding the indicated eIF2B sub-

units, all with myc tags; eIF2Bε also had a his-tag. Samples of cell lysate (input, left) or the material pulled 

down on Ni-NTA beads (right) were analysed by SDS-PAGE and western blot with anti-myc. Positions of eIF2B 

subunits are indicated. (B) activity data for the complexes shown in (A) normalized to that of the eIF2B holo-

complex. Data are mean ± SEM, n = 3. *, p < 0.01 vs. complete complex (Student’s t-test).
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Analysis of eIF2B activity in lysates from patient-derived cells  

We considered it important to compare the activity data for mutated eIF2B complexes 

expressed in HEK293 cells with the eIF2B activity in lysates of cells derived from patients with 

the same mutations. Lysates of fibroblast cell lines derived from patients (table 3) with selected 

homozygous mutations were therefore analyzed for eIF2B activity (figure 6A). Although 

the suitability of patient-derived fibroblasts for this purpose has been questioned22, in our 

hands the assays gave consistent and reproducible results. The data show that the cells from 

a patient with the eIF2Bδ[R483W] mutation showed a 60% loss of activity while samples from 

patients with the eIF2Bδ mutation A391D or the eIF2Bε mutations R269Q or Y495C showed 

little or no alteration in eIF2B activity. 

Figure 6 | Analysis of eIF2B (nucleotide exchange) activity in lysates from patient-derived cells. Lysates from 

primary fibroblast cell lines (A) or from immortalized lymphoblast cell lines derived from VWM patients (B) 

were assayed for eIF2B GEF activity. Data are expressed pmol [3H]GDP released/minute as mean ± SEM. *, p < 

0.01 vs. control 1 (Student’s t-test).
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Table 3 | Patient derived cell lines: patient characteristics and eIF2B activity data 

Patient Cell type Gene Mutation 
1

Mutation 
2

Onset  
(yrs)*

Death or 
present age 

(yrs)

Disease  
severity 

Effect 
on GEF  
activity# 

patient 1 Fibroblast EIF2B4 A391D A391D 0 0.8 severe ↓

patient 2 Fibroblast EIF2B4 R483W R483W 0 0.3 severe ↓↓↓

patient 3 Fibroblast EIF2B5 R269Q R269Q 1.5 10.6; still alive classical/

intermedi-
ate

±

patient 4 Fibroblast EIF2B5 Y495C Y495C 0.7 0.8 severe ↓

patient 5 lymphoblast EIF2B2 E213G E213G 5 37.3; still alive mild ↓↓↓

patient 6 lymphoblast EIF2B5 R113H R113H 54 59.5; still alive mild ↓↓↓

patient 7 lymphoblast EIF2B5 T91A Y583X 37 49.5; still alive mild ↓↓↓

patient 8 lymphoblast EIF2B5 E487K E487K 42 49; still alive mild ↓↓

patient 9 lymphoblast EIF2B5 T79I R113H 2.4 4.9 severe ↓↓

patient 10 lymphoblast EIF2B5 T91A A403V 1.5 3.8 severe ↓↓

patient 11 lymphoblast EIF2B5 T91A W628R 1.5 12.1 classical ↓↓↓

patient 12 lymphoblast EIF2B5 R113H R299H 1.5 8.2 classical ↓↓

* age at first reported neurological symptom

# for explanation of symbols, see Table 1

These data are in close agreement with those from our studies using recombinant eIF2B mu-

tants. In particular, even mutations that cause severe disease (Y495C, A391D) do not lead to a 

change in eIF2B activity in lysates from patient-derived cells, in accordance with their lack of 

effect on the activity of recombinant eIF2B complexes. 

We extended our study to measure eIF2B activity in lysates of lymphoblastoid cells derived from 

patients with different disease severities (table 3; figure 6B). These samples showed decreased 

eIF2B activity relative to controls. However, there was no correlation between the extent of the 

defect in eIF2B activity and the reported severity of the disease associated with each combina-

tion of mutations. Indeed, two of the mild mutations (the homozygous eIF2Bβ[E213G/E213G] 

and eIF2Bε[R113H/R113H]) showed the largest reduction in activity, whereas combinations re-

sulting in more severe disease (T79I/R113H and T91A/A403V in eIF2Bε) showed much smaller 

defects in activity (Fig. 6B).

145
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DISCUSSION

In this study, we have extended our earlier investigations on the functional effects of disease-

causing mutations in eIF2B to examine numerous mutations in four of the five subunits of this 

protein complex. We also examined the effects of mutations on the activity of eIF2B in samples 

from patient-derived material. This has allowed us to compare the functional consequences of 

such mutations using two independent approaches, i.e., using recombinant eIF2B complexes 

and cells from VWM patients. The major findings of this study are that: 

(i) in contrast to our earlier conclusions from a more limited set of mutations17, and other studies21,39, 

several VWM mutations have little or no effect on the nucleotide exchange activity of eIF2B; 

(ii) some mutations that cause severe disease affect neither complex formation nor activity; 

(iii) data obtained using recombinant eIF2B complexes in human cells correspond closely with activi-

ty data from cells of patients with the corresponding mutation, thus validating the former approach 

(which we reported earlier17); and 

(iv) taking into account the above points, measurement of eIF2B activity in samples from patients is 

of limited diagnostic value: while decreased eIF2B GEF activity in patient-derived samples is indica-

tive of VWM, normal GEF activity clearly cannot be taken to indicate the absence of VWM.

Furthermore, our present data suggest that some mutations linked to VWM disease may actual-

ly enhance, rather than impair, the nucleotide exchange activity of eIF2B.

The biochemical phenotypes of the mutations studied here fall broadly into four categories, 

which we shall discuss separately.

(I) Mutations that cause an obvious defect in complex formation or substrate binding also have 

decreased activity (summarized in Table 2). These mutations include two in the catalytic domain 

of eIF2Bε (I649T and E650K), which do not affect complex formation but do display a markedly 

decreased ability to bind the substrate, eIF2, and, likely as a consequence of this (given that our 

assays use substrate [eIF2] concentrations below the Km), lower activity. This is very similar to the 

behaviour of the only other catalytic domain mutation we have tested, W628R.17 

Also in this category are the R357W and R483W mutations in eIF2Bδ, which show impaired 

complex formation and decreased activity. This decreased activity presumably reflects the defect 

in complex formation since such complexes largely lack the catalytic ε-subunit (and its partner, 

eIF2Bγ). This would leave those subunits free to form binary complexes, which we have shown can 

form in human cells but possess markedly decreased activity. Thus, in cells from patients with these 

mutations, eIF2B may occur mainly as the partially active eIF2Bγε complex which has reduced ac-

tivity. Since such complexes lack the regulatory subunit, they will be insensitive to inhibition by 

phosphorylated eIF2. Thus, the lesion in such cells likely reflects decreased and uncontrolled eIF2B 

function. Incidentally, the lower activity of mammalian eIF2Bγε complexes differs from the situation 

for the corresponding yeast binary complex, which is more active than the eIF2B holocomplex.9

The G329V mutation in eIF2Bβ leads to a defect in binding to eIF2Bα, although the other four 

subunits do form a complex. Since mammalian eIF2Bα is required for sensitivity to phosphoryl-
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ated eIF2α40, such complexes would be resistant to the inhibition of eIF2B function caused by ac-

tivation of, e.g., PERK during the unfolded protein response. This could be especially important 

in cells that make and secrete large amounts of proteins such as oligodendrocytes, effects on 

which are likely of major importance in VWM.16 The resulting complexes show roughly 50% of 

WT activity, in line with the activity of eIF2Bβ-ε complexes containing WT eIF2Bβ. The observa-

tion that loss of eIF2Bα impairs eIF2B function agrees with our earlier observations for purified 

mammalian eIF2B2,36, but conflicts with data for mammalian complexes expressed in insect cells, 

where eIF2Bα appeared to be dispensable for function.38 Two other mutations in eIF2Bβ (G200V 

and P291S) caused complete loss of complex formation. Again, in cells expressing these mutants, 

partially active, eIF2α(P)-insensitive binary complexes are likely to provide GEF activity for eIF2.

(II) Mutations without a clear effect on complex formation or eIF2 binding but with reduced 

activity (see table 2). Several mutants showed no defect in complex formation but gave rise to 

decreased activity, although the decreases were often modest. This group includes the eIF2Bε 

mutations F56V and R136C, which can still bind to eIF2. The K273R mutation in eIF2Bβ and the 

Q136P and H341Q mutations in eIF2Bg show similar effects. The reasons for the reduced activi-

ties of these mutated complexes remain to be established. 

(III) A particularly interesting finding is that certain mutations elicit no biochemical defect, al-

though some of them even cause severe disease (table 2). These include Y495C in eIF2Bε and 

A391D in eIF2Bδ. In both cases, the data for the activity and integrity of the recombinant com-

plexes accord closely with the activity data from patient-derived cells (summarized in table 3), 

leading to the clear conclusion that severe disease can be caused by mutations that affect nei-

ther the integrity of eIF2B complexes nor exchange activity. Interestingly, A391 in eIF2Bδ is a 

highly conserved residue not just in this subunit, but is also conserved in the α and β subunits as 

well in an equivalent position. Furthermore, it is conserved in a number of proteins from differ-

ent species containing a similar Rossmann fold, which is commonly found in nucleotide-binding 

proteins, but of different functions, including ribose-1,5-bisphosphatase from T. kodakaraensis 

(pdb 3A9C), which is highly homologous to eIF2Bδ. Thus, this site may have further, as yet un-

identified functions, possibly associated with nucleotide binding. Equally interesting are the 

effects of the two clinically observed mutations at R269 of eIF2Bε (R269G and R269Q), which 

are associated with severe or classical disease. The R269G mutation slightly increased the activity 

of the recombinant complexes. The R269Q mutation was present in one of the patient derived 

samples, and showed no significant effect on eIF2B activity. The ability of such mutations to 

cause the disease might be due to effects on other functions of eIF2B. However, despite indica-

tions that eIF2B may play an additional role(s) in translation initiation (discussed in (Hinnebusch, 

2000)41), it is not clear what these may be and we cannot therefore assess them.

The A16D and L68S mutations in eIF2Bε; and the S171F mutation in eIF2Bβ also had little or no 

effect on eIF2B activity, but, as they are only known to occur in compound heterozygous pa-

tients, we cannot comment on their association with disease severity (see table 2). 
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(IV) Mutations that increase activity. Two mutations in eIF2Bε appear to increase activity (V73G 

(considerable increase) and R269G (slight increase)) and are associated, respectively, with mild 

or severe disease (table 2).13,25 It is not clear how enhanced activity is connected to VWM dis-

ease. These findings reinforce the conclusions that VWM disease is not always associated with 

decreased activity of eIF2B and that measuring this parameter in patient-derived samples is not 

a useful or reliable diagnostic tool.

The data from the patient-derived samples are valuable for two main reasons: firstly, the altera-

tions in eIF2B activity observed in lysates from cells with homozygous mutations are very similar 

to the values obtained from studies on isolated recombinant complexes containing the same 

mutations. This applies both to the set of mutations studied here and to those we reportedly 

earlier (e.g., R113H in eIF2Bε and E213G in eIF2Bβ).17 The data therefore validate the approach 

that we have used here and previously17 of characterizing the properties of wildtype or mutant 

subunits/complexes expressed in human cells. Secondly, data for samples from patients with 

compound heterozygous mutations corroborate our conclusion that there is no simple rela-

tionship between the extent of the defect in eIF2B activity and the severity of the associated 

disease (see figure 6B and table 3). These findings indicate that measurements of eIF2B GEF 

activity in samples from patients are of limited diagnostic value. In particular, reliance on such 

assays would lead to instances of VWM being overlooked. Nevertheless, a decrease in eIF2B GEF 

activity measured in samples from patient-derived cells can be taken as an indication of VWM, 

although further (DNA sequence) data are clearly essential to confirm this. 

Further work is needed to improve our understanding of how diverse defects in both defined 

and perhaps as yet undefined functions of eIF2B caused by VWM-associated mutations lead to 

neurological disease: such diversity is probably not surprising given that VWM mutations occur 

in many regions of any subunit of eIF2B. The creation of transgenic knock-in mice, recently 

reported for a mutant in eIF2Bε29, will undoubtedly help to achieve this. Finally, our data show 

that VWM mutations have very diverse effects on eIF2B activity – e.g., decreased, increased or 

unaltered GEF activity. Importantly, this implies that the search for therapeutic agents to help 

manage or treat VWM should focus on understanding the downstream effectors of eIF2B that 

are affected in VWM, rather than on restoring eIF2B activity.
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