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Abstract
Background: Vanishing white matter (VWM) is a leukodystrophy, caused by reces-
sive mutations in eukaryotic initiation factor 2B (eIF2B)-subunit genes (EIF2B1–
EIF2B5); 80% are missense mutations. Clinical severity is highly variable, with a 
strong, unexplained genotype–phenotype correlation.
Materials and Methods: With information from a recent natural history study, 
we severity-graded 97 missense mutations. Using in silico modeling, we created a 
new human eIF2B model structure, onto which we mapped the missense mutations. 
Mutated residues were assessed for location in subunits, eIF2B complex, and func-
tional domains, and for information on biochemical activity.
Results: Over 50% of mutations have (ultra-)severe phenotypic effects. About 60% 
affect the ε-subunit, containing the catalytic domain, mostly with (ultra-)severe ef-
fects. About 55% affect subunit cores, with variable clinical severity. About 36% 
affect subunit interfaces, mostly with severe effects. Very few mutations occur on 
the external eIf2B surface, perhaps because they have minor functional effects and 
are tolerated. One external surface mutation affects eIF2B-substrate interaction and is 
associated with ultra-severe phenotype.
Conclusion: Mutations that lead to (ultra-)severe disease mostly affect amino acids 
with pivotal roles in complex formation and function of eIF2B. Therapies for VWM 
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1 |  INTRODUCTION

Vanishing white matter (VWM; OMIM 603896) is a leuko-
dystrophy with highly variable severity, ranging from antena-
tal onset, rapidly fatal disease to adult onset, and mild disease 
with slow progression (Labauge et al., 2009; van der Knaap 
et al., 2003, 2006). Age of onset is the only consistent inde-
pendent clinical predictor for overall disease severity (Fogli, 
Schiffmann, Bertini, et al., 2004; Hamilton et al., 2018).

VWM is caused by recessive mutations in any of the five 
genes EIF2B1–5 (OMIM 606686, 606454, 606273, 606687, 
603945, respectively), encoding the α- to ε-subunits of eukary-
otic initiation factor 2B (eIF2B) (Leegwater et al., 2001; van der 
Knaap et al., 2002). eIF2B is indispensable for the initiation of 
translation of mRNAs into proteins (Dever, 2002; Pavitt, 2005). 
It is the guanine nucleotide exchange factor (GEF) for initiation 
factor eIF2. eIF2-GTP and initiator-tRNA form the “ternary 
complex” that scans the mRNA for the translation start codon. 
When translation starts, eIF2 dissociates in an inactive GDP-
bound form. eIF2B recycles eIF2-GDP to eIF2-GTP, thereby 
“reactivating” it for the next round of translation (Williams 
et al., 2001). Inhibition of eIF2B mediates the downregulation 
of protein synthesis under stress. Various stressors activate dif-
ferent kinases that phosphorylate eIF2α; phosphorylated eIF2α 
inhibits eIF2B (Proud, 2005; Rowlands et al., 1988). eIF2B is 
a hetero-decameric complex containing two copies of all sub-
units (Gordiyenko et al., 2014; Wortham et al., 2014). The γ- 
and ε-subunits form the catalytic subcomplex; the α-, β-, and 
δ-subunits constitute the regulatory subcomplex (please see 
Figure 1 for details of the structure of human eIF2B) (Gomez 
& Pavitt, 2000; Liu et al., 2011; Reid et al., 2012; Wang et al., 
2012).

Missense mutations are the most common mutation type 
in VWM, comprising 80% of total (van der Knaap et al., 
2010). They impact eIF2B in diverse ways, including im-
paired complex formation, complex instability, impaired 
binding to the substrate eIF2, and decreased catalytic (GEF) 
activity (Li et al., 2004; Liu et al., 2011; Leng et al., 2011; 
Matsukawa et al., 2011; Wang et al., 2012; Wortham & Proud, 
2015). Mutations most often decrease eIF2B’s GEF activity 
in cell-based assays (Fogli, Schiffmann, Hugendubler, et al., 
2004; Horzinski et al., 2009; Leng et al., 2011; Li et al., 2004; 
Liu et al., 2011). Against expectations, no clear correlation 
between residual eIF2B GEF activity measured in vitro 
and clinical disease severity has emerged (Liu et al., 2011), 

contrasting with an evident genotype–phenotype correlation 
(Fogli, Schiffmann, Bertini, et al., 2004; van der Lei et al., 
2010). In the case of compound heterozygosity for two dif-
ferent missense mutations, they co-determine the phenotype 
(van der Lei et al., 2010).

In 2016, the first three-dimensional structure of a decameric 
eIF2B complex was described for Schizosaccharomyces 
pombe (S. pombe) (Kashiwagi et al., 2016). In 2018, two 
structures of a human eIF2B decamer were released (Tsai 
et al., 2018; Zyryanova et al., 2018). Both contain many gaps. 
A separate structure of the human catalytic domain was de-
termined (Boesen et al., 2004; Wei et al., 2010), but structural 
information regarding the connection with the rest of eIF2Bε 
is lacking.

Homology or comparative modeling is a method to con-
struct an atomic-resolution model structure of a protein from 
its amino acid sequence and the known three-dimensional 
structure of a related, homologous protein, the “template.” 
To build a high-quality model, one or more reliable template 
structures are needed. Higher similarity between query and 
template protein results in better alignment and more ac-
curate model. Usually sequence identity of more than 30% 
is considered sufficient to build a tertiary protein structure 
(Dolan et al., 2012; Fiser, 2010), while for reliable placement 
of flexible loops and side-chains higher similarity is needed 
(Wallner & Elofsson, 2005).

We analyzed missense mutations of VWM patients and 
graded their severity based on clinical phenotype. We built a 
comprehensive model for human eIF2B using the three avail-
able template structures and applied modeling to fill the many 
structural gaps. We mapped the severity-graded mutations onto 
the new model and assessed the links between VWM disease 
severity and determinants at molecular level, that is, location of 
each single mutation relative to others and their potential roles 
in the assembly or stability of eIF2B heterodecameric com-
plexes, interactions with eIF2 and catalytic function.

2 |  MATERIALS AND METHODS

2.1 | Ethical compliance

With approval of the ethics committee of the VU University 
Medical Center, Amsterdam, and written informed consent 
from participating patients or guardians, we performed a 

are emerging and reliable mutation-based phenotype prediction is required for pro-
pensity score matching for trials and in the future for individualized therapy decisions.
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natural history study on VWM, including clinical, neuro-
imaging, and genetic data (Hamilton et al., 2018).

2.2 | Study population and mutation 
classification

The natural history study comprised 296 genetically 
proven VWM patients from 261 families (Hamilton et al., 
2018). Reference sequences of EIF2B1, EIF2B2, EIF2B3, 
EIF2B4, and EIF2B5 are NM_001414.3, NM_014239.3, 
NM_020365.3, NM_0010341161.1, and NM_003907.2, 
respectively. In the natural history study, patients were cat-
egorized into six different age of onset groups that represent 
phenotypes of differing severity: antenatal-early infantile 
disease with onset <1 year (group 1), late-infantile disease 
with onset between 1 and <2 years (group 2), early-juvenile 
disease with onset between 2 and <4 years (group 3), juvenile 

disease with onset between 4 and <8 years (group 4), late-
juvenile to adolescent disease with onset between 8 and 
<18 years (group 5), and adult disease with onset ≥18 years 
(group 6) (Hamilton et al., 2018). Based on the information 
(a) that the clinical parameter age of onset has proven to be 
the only consistent independent predictor of overall disease 
severity (Fogli, Schiffmann, Bertini, et al., 2004; Hamilton 
et al., 2018), (b) that there is a strong genotype–phenotype 
correlation (Fogli, Schiffmann, Bertini, et al., 2004; van 
der Lei et al., 2010), and (c) that both missense mutations 
contribute to disease severity (van der Lei et al., 2010), we 
used the six previously defined age of onset groups to grade 
the severity of individual missense mutations. Patients with 
one or two other mutation types, such as intronic variants 
or deletions, were omitted from the mutation classification. 
For the missense variants, we distinguished four severity cat-
egories, A–D, using a mathematical, outward-inward, step-
by-step approach, A being associated with the most severe 

F I G U R E  1  Schematic homology structure of human eIF2B. The structure of the human eIF2B complex is shown as cartoon representation, 
where each of the subunits has the same color as in the schematic representation in the inset. The 10 chains are named alphabetically from A to 
J, corresponding to the chain names in the template structure (PDB code: 5B04). The eIF2B decamer consists of regulatory (α, β, δ) and catalytic 
(γ, ε) subcomplexes. The γ- and ε-subunits share two homologous domains, which show sequence similarities with nucleotidyl transferases (NT 
domain, shown as yellow ribbon in ε- and γ-subunits) and acyl transferases. The acyl transferases contain so-called I-patch repeats, which have 
approximate hexad spacing of the hydrophobic branched-chain amino acids isoleucine (Ile), valine (Val), and leucine (Leu). The I-patch domain 
and NT domain alone do not interact with other subunits, but certain mutations or disruptions within them do impact on the formation of eIF2B 
holo-complexes. Two neighboring amino acids at positions 263–264 in eIF2Bε, asparagine (Asn or N), and phenylalanine (Phe or F), form the NF 
motif that is important for eIF2B catalytic function. The catalytic domain is not represented in this figure because its spatial orientation is unknown. 
It is located toward the C-terminus of eIF2Bε, while the far C-terminal region contains conserved acidic and aromatic residues, which are important 
for the interaction of eIF2B with eIF2
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phenotypic effect (“ultra-severe”), B with a “severe” pheno-
typic effect, C with an “intermediate” phenotypic effect, and 
D with the mildest phenotypic effect (“mild”). We first gave 
all homozygous eIF2B missense mutations a severity score 
of 1–6 on the basis of the calculated mean age of onset group 
score of the patients with this mutation. Scores obtained in 
this step were subsequently applied to calculate a score for 
other variants that occurred in the compound heterozygous 
state with the already scored variants, depending on the se-
verity scores of the patients who carry both variants. We then 
determined the numerical score of additional heterozygous 
variants that occurred in the compound heterozygous state 
with scored variants. As final step, we translated the calcu-
lated numerical scores  attributed to the mutations into the 
four mutation severity categories defined above as follows: 
score ≤1: category A; score 2–3: category B; score 4: cat-
egory C; and scores ≥5: category D. In the case of a combina-
tion of two different mutations that were each observed only 
once, it was not possible to achieve a severity category for 
these mutations and these variants were left out.

2.3 | Benign variants to model

We searched for benign variants in online databases (1000 
Genomes, ESP, GnomAD, and dbSNP). We filtered for ex-
onic missense variants with either minor allele frequency 
>0.001 and more than one homozygote or minor allele fre-
quency of >0.05.

2.4 | Homology modeling

Three structures of the eIF2B decameric complex were iden-
tified in the Protein Data Bank: yeast S. pombe eIF2B struc-
ture (PDB code 5B04, solved by X-ray diffraction, resolution 
2.99 Å) (Kashiwagi et al., 2016) and two H. sapiens eIF2B 
structures (6CAJ and 6EZO, solved by cryo-electron mi-
croscopy, at resolutions of 2.8 and 4.1 Å, respectively) (Tsai 
et al., 2018; Zyryanova et al., 2018). Additionally, the crystal 
structure of human eIF2Bα was identified (PDB code 3ECS, 
resolution of 2.65 Å) (Hiyama et al., 2009). Analysis of the 
primary sequences for each subunit revealed that the yeast 
structure 5B04 has the best sequence coverage, but that the 
sequence identity between S. pombe and human eIF2B is only 
32%–48%, depending on the subunit (Table S1) (Tsai et al., 
2018). In all three eIF2B structures, yeast, and human, large 
portions of the N-terminus of eIF2Bδ and the C-terminus of 
eIF2Bε are missing. The human structures 6CAJ and 6EZO 
have more gaps than the yeast structure, especially in subu-
nits α and γ. In 6CAJ, a large portion of the C-terminus of 
eIF2Bγ is absent, including an important I-patch domain, in 
which VWM mutations occur, and there are many gaps in 

flexible regions (e.g., loops), as well as numerous missing 
side-chains, especially in I-patches in eIF2Bε, where only 
the positions of backbone atoms have been fitted (Tsai et al., 
2018).

We selected 6CAJ, the human eIF2B structure with the 
best resolution, as a starting point. We used modeling meth-
odologies to fill the many structural gaps. If a template was 
available, the missing loops were modeled using structure 
6EZO as our preferred human template, and 5B04 as a “less 
preferred” yeast structure. If no suitable template was avail-
able, gaps were modeled using the de novo loop modeling 
tool in Molecular Operating Environment (MOE) version 
2017 (MOE, Montreal, QC, Canada; https://web.archive.org/
web/20190113221313/http://www.chemcomp.com/MOE-
Molecular_Operating_Environment.htm). Very large miss-
ing loops were omitted due to the lack of knowledge about 
their structure. Since the structure of γ I-patch (residues 
342–444) was lacking in 6CAJ but not in 6EZO, it was also 
modeled. The corresponding γ-subunits were aligned, super-
imposed, and I-patch was transferred to the model based on 
6CAJ structure. Missing side-chains were added and other 
inaccuracies were addressed using the Structure Preparation 
tool in MOE. Hydrogen atoms were added, protonation states 
were assigned using Protonate3D in MOE, and the derived 
structure was charged using Amber10 force field (Case et al., 
2008). In order to remove possible clashes between side-
chains, the structure was slightly minimized with restraining 
atoms to the initial coordinates. The final model was named 
“model_6CAJ.”

A separate structure of the human eIF2B catalytic domain 
(residues 548–721, PDB code 3JUI, resolution 2.0 Å) was 
also available (Wei et al., 2010), but structural information 
regarding the residues connecting the catalytic domain with 
the rest of eIF2Bε was lacking (missing residues 467–547). 
For this reason, it was considered separately in our study.

2.5 | Location of mutations in the 3D 
protein structure

The missense mutations, which had been assigned to a se-
verity category, were mapped onto the generated structural 
model for human eIF2B. Amino acid substitutions were cre-
ated in WinCoot (version 0.8.9) (Emsley et al., 2010) and the 
model was refined by optimizing geometric restraints, mini-
mizing free energy, and refining clashing side-chains using 
ICM-Pro (version 3.8-7b). PyMOL (version 2.2.3, 2020) 
was used to analyze the in silico models and to create fig-
ures. The mutated amino acids were classified depending on 
their location into specific functional domains, that is, NT-
domain (amino acids 4–140 of human eIF2Bγ and 44–165 of 
eIF2Bε), I-patch (amino acids 334–409 of eIF2Bγ and 347–
437 of eIF2Bε), and catalytic domain (amino acids 547–721 
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of eIF2Bε); the remaining amino acids were assigned to the 
category “other.” They were also classified according to the 
location of that amino acid in the eIF2B 3D structure, for ex-
ample, subunit interface, core of a subunit, or exposed to the 
outer protein surface. Some amino acids could not be mod-
eled onto the structure due to the absence of a template.

3 |  RESULTS

3.1 | Mutations and subunits

The EIF2B1-5 mutations of all 296 patients, their ages of 
onset, and survival are listed in Table S2. Of these patients, 
5 had mutations in the α-subunit, 49 in the eIF2Bβ, 23 in 
eIF2Bγ, 22 in the δ-subunit, and 197 in the eIF2Bε. Most 
patients were compound heterozygous (n = 178). Forty-two 
patients had a mutation other than a missense mutation and 
were excluded from this study. The remaining 254 patients 
with two missense mutations were available for the classifi-
cation of individual missense mutations.

The total number of different missense mutations was 
127, 5 affecting the α-subunit, 13 eIF2Bβ, 17 eIF2Bγ, 17 the 
δ-subunit, and 75 eIF2Bε. The total number of different mu-
tation combinations was 157. Twenty-four missense muta-
tions were only observed in combination with another type of 
mutation and were not scored. There were three patients with 
two unique missense mutations that could both not be scored 
for severity (in total six mutations). The remaining 97 differ-
ent missense mutations were classified into ultra-severe (A, 
40 mutations), severe (B, 23), intermediate (C, 13), and mild 
(D, 21) (Figure 2, Table S3). Of the 97 mutations, 2 affected 
eIF2Bα, 11 eIF2β, 11 eIF2Bγ, 13 eIF2Bδ, and 60 the ε-sub-
unit. In seven cases, different missense mutations affected the 
same residue (Table S4): in five, the mutation severity scores 
were the same or adjacent; in two, the different mutations had 
dissimilar severity scores.

3.2 | Human eIF2B model

We observed substantial differences between the two human 
structures (6CAJ and 6EZO, RMSD ~ 2.61 Å, Figure 3a,b), 
especially in the γ- and ε-subunits, which contain numerous 
loops and non-resolved regions. Using the human eIF2B 
structure 6CAJ as main template and filling the gaps by a 
combination of homology and de novo modeling, a final 
structure was developed, referred to as “model_6CAJ” 
(Slynko et al., 2020), which gives a holistic overview of the 
general arrangement of the subunits and provides informa-
tion about side-chain orientations and interactions between 
residues (Figure 3d). The structure of the human catalytic do-
main is known (Boesen et al., 2004; Wei et al., 2010), but ex-
perimental evidence concerning the location of this domain 
relative to the rest of the complex is lacking. Comparing 
model_6CAJ to its template PDB structure 6CAJ, overall 
root-mean-square deviation (RMSD) of atomic positions of 
0.26 Å was very low (Figure 3d,e). When comparing the three 
experimental eIF2B structures (5B04, 6CAJ, and 6EZO) and 
model_6CAJ to each other, we found, as expected, that the 
differences between the yeast and the human structures are 
the largest (RMSD >4 Å, Figure 3b,c,e), likely because their 
sequence identity is low (35% on average, see also Table S1).

3.3 | Mutations and the 3D protein structure

The 97 missense mutations which were assigned to a severity 
class were mapped onto the generated model of human eIF2B 
and color-coded according to their classification (Table S3). 
Four mutations could not be modeled as these located to re-
gions that were not covered in the 3D structure. In total, 93 
mutated residues were investigated in the eIF2B structure. 
For some cases, more than one mutation affected the same 
residue (Table S4). Regarding functional domains, 26% of 
the mutated amino acids were located in NT domains, 11% 

F I G U R E  2  Number of variants found in each subunit and classification by severity. The figure presents the sum of corresponding values in 
Table S2
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in I-patches, 7% in the catalytic domain, 0% in the NF motif, 
and 56% of the mutated amino acids were located elsewhere 
(Figure 4). Regarding the locations of the amino acids in the 
3D structure of eIF2B, 55% of the mutations were located 
in the interior of protein subunits (“core”), 36% at subunit 
interfaces, and 5% on the external surface of the complex  
(Figure 4).

The two human structures of eIF2B (6EZO and 6CAJ) 
contain a ligand-binding site for the small molecule ISRIB 
(abbreviation for “integrated stress response inhibitor”) (Tsai 
et al., 2018), which is located at the tetrameric interface of 
subunits eIF2Bβ and eIF2Bδ (Figure 5a,b). ISRIB is known 
to stabilize the eIF2B decamer (Zyryanova et al., 2018) and 
increase its activity (Sidrauski et al., 2015). Two missense 
mutations were found within high proximity to the ISRIB-
binding site: Glu213 in eIF2Bβ and Arg483 in eIF2Bδ (see 
Figure 5c,d), suggesting that these missense mutations might 
interfere with ISRIB binding, hampering its effect.

The impacts of the 93 mutations on the eIF2B structure 
were analyzed and interpreted by superimposing the wild-
type eIF2B complex and in silico model of the mutant in 
PyMOL. Surrounding side-chains of residues within 5 Å of 
the missense mutation were visualized to identify changes to 
intramolecular contacts. Loops and secondary structure sur-
rounding the location of the mutant relative to the wild-type 

structure were assessed to identify predicted changes to local 
structure. The results are summarized in Table S5.

3.4 | In vitro biochemical effects of 
eIF2B mutations

In total, 72 mutations that have been characterized biochemi-
cally were investigated regarding their location in the eIF2B 
3D structure (Table S6). Of these, 38 are associated with VWM 
and 21 of the 38 are classified in this study; 34 have not been 
reported in VWM patients. These 21 mutations were used to as-
sess whether they impact complex stability or GEF activity (i.e., 
GDP release; Tables S5 and S6). These two parameters provide 
structural and functional information that can support the inter-
pretation of the effect of mutations in relation to clinical impact. 
For instance, we can assess whether mutations that reduce the 
stability of eIF2B complexes in biochemical assays are predicted 
to be located at the interface between two eIF2B-subunits, with 
a potential negative impact on the local structure (e.g., eIF2Bβ 
[Pro291Ser], Table S6). When interpreting these 21 mutations, 
those associated with unaffected GEF activity were given less 
weight than those with reduced GEF activity, as the biochemi-
cal assay may not fully recapitulate the physiological conditions 
under which eIF2B is exchanging GDP for GTP on eIF2.

F I G U R E  3  CryoEM structures of yeast and human eIF2B. Superpositions are shown of (a) the two human eIF2B structures: 6CAJ (H. 
Sapiens, ribbon in magenta, ligand spheres in cyan) and 6EZO (H. Sapiens, ribbon in yellow, ligand spheres in brown); (b) the yeast and the human 
eIF2B structures: 5B04 (S. pombe, ribbon in green) and 6CAJ (H. Sapiens, ribbon in magenta, ligand spheres in cyan); (c) the yeast and the human 
eIF2B structures: 5B04 (S. pombe, ribbon in green) and 6EZO (H. Sapiens, ribbon in yellow, ligand spheres in brown); and (d) the model_6CAJ 
(H. Sapiens, ribbon in cyan) and its template 6CAJ (H. Sapiens, ribbon in magenta, ligand spheres in cyan). (e) Pairwise root mean square deviation 
(RMSD, in Ångström) between the four structures calculated for Cα atoms in MOE
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3.5 | Correlation between affected 
subunit and phenotype

The majority of mutations affect the ε-subunit (Figure 2). 
Indeed, the number of mutations is disproportionately high 
for its size: of the 97 mutations that were assigned a severity 
category, 60 affect eIF2B5ε (8.3% of 721 amino acids), 13 
affect eIF2Bδ (1.8% of 523 amino acids), 11 affect eIF2Bγ 
(2.4% of 452 amino acids), 11 affect eIF2Bβ (3.1% of 351 
amino acids), and only 2 affect eIF2Bα (0.6% of 305 amino 
acids). More than half of the 97 mutations have ultra-severe 
or severe phenotypic effects, with 41% of all mutations clas-
sified as “A” and 24% as “B.” eIF2Bε and eIF2Bδ contain 
somewhat higher proportion of class A and class B mutations 
than eIF2Bγ and eIF2Bβ, while eIF2Bα does not contain any 
such mutation.

3.6 | Correlation between affected structural 
domain and phenotype

Most mutations (55%) are located within the 3D structure 
of eIF2B subunits and affect the “core” (Figure 4b). These 
mutations are associated with a variable clinical severity 
(Figure 4b, Table S5). Many mutations (36%) are located at 

the interfaces of interacting subunits (Figure 4b), the major-
ity of which have a high severity score (66% of mutations at 
subunit interfaces have severity score A or B). Virtually no 
VWM mutations occur in the external surface of the protein 
complex (Figure 4b).

3.7 | Correlation between 
genotype and phenotype

In the analysis of the genotype–phenotype correlation, part 
of the mutations expected to have multiple or very substan-
tial effects on the structure were indeed associated with 
severe phenotypes (e.g., eIF2Bε [Thr79Ile], [Glu81Leu], 
[Arg136His], [Arg195His], [His269Pro], [Arg316Gln]; 
eIF2Bδ [Arg264Trp], [Arg357Trp], [Arg483Trp]; eIF2Bγ 
[Arg91His]) (Figure 6). Most mutations with predicted 
small effects on the eIF2B structure or with a conservative 
change in amino acid were associated with milder disease 
severity (e.g., eIF2Bε [Thr91Ala] and eIF2Bβ [Glu213Gly];  
Figure 7).

However, some mutations with predicted large effects 
were linked to mild disease, such as eIF2Bε [Arg133His] 
and eIF2Bβ [Ser171Phe] (Figure 8c), while certain mu-
tations with predicted small effects, for example, eIF2Bβ 

F I G U R E  4  Number of variants for functional domains and location in the 3D structure of human eIF2B. Note that some amino acids are 
affected by several different variants (Table S4) and that four missense mutations are located in regions for which structural information is lacking 
(n.m. = not modeled), so the total number of classified mutations in the structure is 93 instead of 97. CTD, catalytic domain; SI, subunits interface
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[Gly200Val] and eIF2Bε [Gly386Val], [Ala403Val] and 
[Thr432Ile], were associated with severe disease (Figure 8, 
Table S5). Investigation of the latter mutations at the RNA 
level with Alamut Visual software (version 9, Interactive 
Biosoftware, France) revealed that the mutations in eIF2Bε 
are predicted to affect mRNA splicing, causing exon skip-
ping, and expression of eIF2Bε proteins with an internal 
deletion. Specifically, eIF2Bε [Gly386Val], inactivating the 
splice donor site at exon 7/intron 8, needs to be renamed 
into c.1157G>T, p.? (Richards et al., 2015; Wallis et al., 
2013).

3.8 | Different mutations affecting the same 
amino acid residue

Several mutations affect the same residue (Table S4), but re-
sult in its change to a different amino acid. In five of these 
mutations, the severity scores are the same or similar, inde-
pendent of the amino acid changes (e.g., eIF2Bε [Arg269 to 
Gly, Pro, or Gln] and eIF2Bε [Arg315 to Gly, Cys, or His]). In 
two cases, (eIF2Bδ [Arg357Trp/Gln] and eIF2Bε [Val73Met/
Gly]), the different mutations have dissimilar severity scores. 
Interestingly, the predicted effects on the 3D structure (Table 

F I G U R E  5  Binding site of ligand ISRIB in cryoEM structures 6EZO and 6CAJ. The coloring of subunits was kept consistent with Figure 
1. The ligand (depicted as brown/orange sticks on structures 6EZO/6CAJ) binds at the tetrameric interface formed by the two subunits eIF2Bβ 
(magenta ribbon) and two eIF2Bδ (cyan ribbon). Figures (a) and (b) show binding site residues located 4 Å near ligand ISRIB (note: cryoEM 
structures 6EZO and 6CAJ have missing side-chains for some residues), whereas figures (c) and (d) depict the locations of eIF2B mutations 
discussed and classified in this article (see Table S3). The mutated residues are shown as spheres and are colored by severity type
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S5) differ for these two mutations. It appears in these two 
cases that if the amino acid of the mutation has a bulkier or 
more hydrophobic side-chain than the wild-type residue, there 
is a stronger effect on disease severity.

3.9 | Benign variants

The search for benign variants yielded five (Table S7). The 
[Ile587Val] variant is located in the catalytic domain of eIF2Bε 
and the [Val59Ala] and [Ser404Ala] variants are both located 
in a region of poor electron density where the side-chains were 

not modeled in the wild-type structure. They were, therefore, 
not modeled in the 3D structure. Modeling the remaining four 
of these variants in the 3D model predicts minimal local effects 
to the eIF2B structure (Figure 9). These missense mutations 
appear to incur no loss or gain of notable polar interactions 
between side-chains and neighboring residues.

4 |  DISCUSSION

The strong genotype–phenotype correlation in VWM has 
been known for some time (Fogli, Schiffmann, Bertini, et al., 
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F I G U R E  7  Mutations with disease severity category C show small impact on local structure. (a) Mutation Glu213Gly located on the eIF2Bβ-
subunit. The wild-type eIF2Bβ and eIF2Bδ are represented in cyan and purple, respectively, and the modeled Glu213Gly mutant eIF2Bβ and 
eIF2Bδ in yellow and green. Due to the location of the mutation, substitution from Glu to Gly may affect subunit interactions between eIF2Bβ and 
eIF2Bδ. It also lies close to the binding site occupied by the integrated stress response inhibitor (ISRIB). The disease score for the mutation is C. (b) 
Mutation Thr91Ala located on the eIF2Bε-subunit. The wild-type subunit is represented in blue and the modeled Thr91Ala in maroon. Substitution 
from Thr to Ala may promote favorable hydrophobic interactions with surrounding residues, Ala45, Val88, Val93, and Val120 (labeled) and is 
predicted to only have a small effect on structure. The disease score for the mutation is C. Protein sequences are based on reference sequences of 
NM_014239.3 (EIF2B2), NM_0010341161.1 (EIF2B4), and NM_003907.2 (EIF2B5)

F I G U R E  6  Mutations with severe disease severity scores A or B show substantial impact on local structure. (a) Mutation Pro291Ser located 
on the eIF2Bβ-subunit. The wild-type eIF2Bβ, eIF2Bε-, and eIF2Bδ-subunits are represented in cyan, orange, and green, respectively, and the 
modeled Pro291Ser mutant eIF2Bβ, eIF2Bε-, and eIF2Bδ-subunits in yellow, purple, and magenta. The modeled mutation predicts a small change 
in the loop containing Pro291Ser that may affect binding to neighboring subunits, eIF2Bε and eIF2Bδ. The disease score for the mutation is A. 
(b) Mutation Arg195His located on the eIF2Bε-subunit. The Arg195 on the wild-type eIF2Bε-subunit forms extensive hydrogen bond interactions 
with the backbone oxygen of Tyr242 and the Asn200 side-chain. In the Arg195His mutant, it is predicted that substitution from Arg to His retains 
the interaction with Asn200, abolishes the interaction with Tyr242 and introduces new hydrogen bonds with the backbone oxygen atoms of Ser188 
and Ser189. Changes to this H-bond network may alter the conformation of this loop. Hydrogen bond interactions are depicted as dotted black 
lines and all distances are reported in Å. The disease score for the mutation is A. (c) Mutation Arg339Trp, Arg339Gln and Arg339Pro are located 
on the eIF2Bε-subunit. The Arg339 on the wild-type eIF2Bε-subunit forms hydrogen bond interactions with the backbone oxygen of Tyr393 on 
eIF2Bδ. In the Arg339Trp mutant, it is predicted that substitution from Arg to Trp abolishes existing interactions and introduces a new hydrogen 
bond or electrostatic interaction with the side-chain of Tyr393 on eIF2Bδ. In the Arg339Gln mutant, all hydrogen bond interactions are predicted 
to be abolished. Hydrogen bond interactions are depicted as dotted black lines and all distances are reported in Å. Superimposing Arg339Pro 
mutant model (eIF2Bδ in cyan and eIF2Bε in yellow) onto the wild-type eIF2B (eIF2Bδ in green and eIF2Bε in blue) shows a predicted change 
in the secondary structure where the helix-3 is predicted to change to a loop. Due to the location of the mutation, substitution from Arg to Trp, 
Gln or Pro may affect subunit interactions between eIF2Bδ and eIF2Bε. The disease score for the three mutations is A. (d) Mutation Asp201Gly 
located on the eIF2Bγ-subunit. The wild-type subunit is represented in salmon and the modeled Asp201Gly mutant in lavender. Substitution 
of Asp to Gly is predicted to abolish existing hydrogen bond interactions (represented as black dotted lines with distances in Å) with the main 
chain nitrogen of His203 and the Tyr205 side-chain. Hence, this may introduce flexibility in this region of eIF2Bγ. The disease score for the two 
mutations is B. (e) Mutation Leu106Phe located on the eIF2Bε-subunit. The wild-type subunit is represented in blue and the modeled Leu106Phe in 
maroon. Substitution from Leu to Phe may promote favorable hydrophobic interactions with surrounding residues (labeled). However, substitution 
to a large and bulky side-chain may affect folding in this region of eIF2Bε. The disease score for the two mutations is B. Protein sequences are 
based on reference sequences NM_001414.3 (EIF2B1), NM_014239.3 (EIF2B2), NM_020365.3 (EIF2B3), NM_0010341161.1 (EIF2B4), and 
NM_003907.2 (EIF2B5)
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2004; van der Lei et al., 2010), but remains unexplained. No 
clear correlation has been observed between the GEF activity 
of mutated complexes, measured in vitro, and clinical dis-
ease severity (Liu et al., 2011). We located the mutations in 
a structure of eIF2B and assessed whether specific locations 
are associated with clinical disease severity and known bio-
chemical effects.

For the interpretation of findings in our study, it is im-
portant to realize that the number of known benign missense 
variants, which have not been associated with any clinical dis-
ease, is extremely low (Table S7; 0–2 per subunit), indicating 
that variants in EIF2B1–5 are not easily tolerated and readily 
cause a clinical phenotype. It is also important to realize that 
eIF2B is an essential protein complex and that homozygous 
variants in the corresponding genes that are incompatible 
with life are, therefore, missed. Thus, the most severe end of 
the spectrum is very likely incompletely inventoried.

Our data confirm previous findings, indicating that the 
majority of mutations affect the ε-subunit and that eIF2Bε 
contains the highest proportion of class A and class B 
mutations. When contemplating the explanation for the 

disproportionately high number of mutations in the ε-subunit 
and their often (ultra)-severe phenotypic effect in patients, it 
helps to consider that the proportion of mutations compared 
to its size is lowest in eIF2Bα, and that no mutations with 
severe or ultra-severe effect are seen in this subunit, although 
the overall low number of mutations in eIF2Bα precludes firm 
conclusions. Yeast knock-outs for any of the subunit genes 
are non-viable, apart from eIF2Bα (Hannig & Hinnebusch, 
1988). Complexes lacking the α-subunit still have 50% of 
biochemical activity (Liu et al., 2011). Biochemical data that 
show that the eIF2Bε-subunit containing the catalytic domain 
has 10% of the biochemical activity found with the eIF2Bα-ε 
pentamer (Liu et al., 2011; data not shown). In addition, the 
yeast eIF2Bε-subunit is essential for displacing eIF5 from 
eIF2, making eIF2 available for exchanging GDP for GTP 
(Singh et al., 2006). Although for human eIF2B this function 
still needs to be explored, it is likely, based on the high simi-
larity of the three initiation factors involved, that these steps 
also occur in mammalian cells. All the above considerations 
suggest that eIF2Bε is the most important subunit for eIF2B 
function, consistent with it containing the catalytic domain, 

F I G U R E  8  Mutations with predicted structural effects not matching disease severity. (a) Mutation Gly200Val located on the eIF2Bβ-subunit 
where the wild-type structure is represented in cyan and the modeled Gly200Val mutant in yellow. Substitution from Gly to Val might promote 
hydrophobic interactions with adjacent residues (labeled). The model predicts small, localized changes in the structure of eIF2Bβ. The disease 
severity category for the mutation is A. (b) Mutation Ala403Val located on the eIF2Bε-subunit. The wild-type eIF2Bε-subunit is represented in 
blue and the modeled Ala403Val mutant eIF2Bε-subunit in maroon. The Ala403Val residue is located on a solvent-exposed, flexibly loop. Due to 
the similar chemical nature of Ala and Val, this mutation is predicted to have a small effect on loop conformation. The severity category for the 
mutation is A. (c) Mutation Arg113His located on the eIF2Bε-subunit. The wild-type eIF2Bε- and eIF2Bβ-subunits are represented in blue and 
cyan, respectively, and the modeled Arg113His mutant eIF2Bε- and eIF2Bβ-subunits in maroon and yellow. Substitution of Arg to His is predicted 
to introduce a hydrogen bond interaction with the backbone oxygen of Ser109 (represented as black dotted lines with distances in Å). The location 
of the Arg113His mutation occurs in a region close to the eIF2Bβ-subunit. The severity category for the mutation is D. Protein sequences are based 
on reference sequences of NM_014239.3 (EIF2B2) and NM_003907.2 (EIF2B5)
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and most vulnerable to the effects of mutations, while eIF2Bα 
is least important.

We created a 3D model of human eIF2B to investigate 
if mutations causing various disease severities clustered in 

particular regions of the structure of the eIF2B complex. 
In agreement with work from others, we found that VWM-
causing mutations localize in many different regions of the 
eIF2B complex (Kashiwagi et al., 2016). Previous work 
did not systematically take disease severity into account. 
Regarding functional domains, the current study shows that 
almost all mutations in the catalytic domain are ultra-se-
vere. Strikingly, most mutations are found outside known 
functional domains, reflecting that eIF2B structure is poorly 
described and not well-understood in terms of its function 
or interacting protein partners, and that simply sorting muta-
tions by their involvement in functional domains often does 
not explain why some of mutations cause more severe disease 
effects than others.

Most mutations in this study (55%) affect the “core” of 
eIF2B subunits and have variable impact on clinical severity. 
Most likely, many of the severe mutations located in subunit 
cores are connected to eIF2B function and some of them are 
very probably important for the correct folding of subunits. 
Many mutations in this study (36%) are located at the inter-
faces of interacting subunits and the majority of them have a 
high severity score. These amino acids play a pivotal role in 
complex formation and thus in the function and perhaps reg-
ulation of eIF2B. Virtually no VWM mutations occur in the 
external surface of the eIF2B complex, perhaps because any 
mutations that occur in such positions have little effect on the 
function of eIF2B and do not result in a phenotypic change. 
One mutation that is predicted to be exposed on the external 
surface is eIF2Bδ [Pro243Leu]; interestingly, this location 
has recently been implicated in binding eIF2, which likely 
explains the high severity score for the mutation (Kashiwagi 
et al., 2019).

Overall, the correlation of disease severity with location 
of the mutation within the eIF2B model is not perfect. Some 
mutations with predicted substantial effects on eIF2B are in-
deed associated with severe phenotypes and most mutations 
with predicted small effects on eIF2B are associated with 
milder disease severity. For certain mutations with predicted 
small effects on eIF2B but associated with severe disease, it 
is likely that they affect mRNA splicing with major effects on 
the eIF2B subunit protein expression. Some mutations with 
predicted large effects are linked to mild disease. While these 
mutations may have a substantial effect on local structure, it 
is possible that this does not impact the function or stability 
of eIF2B leading to a mild or moderate phenotype.

X-ray crystallography yields a single structure, which is 
compatible with crystallization within the lattice of the crys-
tal, and cannot capture the protein’s flexibility. At the mo-
ment, we cannot precisely predict global changes to protein 
structure caused by mutations and cannot assess the effects 
of mutations on the flexibility of the protein structure, which 
may have a substantial impact on the folding of eIF2B-sub-
units, holo-complex formation, regulation, and/or function. 

F I G U R E  9  Modeling of benign variants show small predicted 
effects in local structure. The wild-type eIF2B structure (green) is 
superimposed onto modeled mutant structures (a) Gly26Arg (cyan) 
located on eIF2Bβ, (b) Ile328Val (magenta) located on eIF2Bβ, (c) 
Arg306Gly (yellow) located on eIF2Bδ, and (d) Ala127Val (purple) 
located on eIF2Bβ. Modeling of the benign variants shows no 
predicted loss or gain of polar interactions with neighboring residues. 
Protein sequences are based on reference sequences NM_014239.3 
(EIF2B2) and NM_0010341161.1 (EIF2B4)
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To investigate this further, we will need to understand the 
full repertoire of eIF2B functions and their regulation. 
Biochemical or cellular assays that investigate these func-
tions and regulation would aid greatly in fully understanding 
the effect of mutations on eIF2B function. These assays may 
then become more valuable in diagnosis and clinical trials 
than is currently the case (Liu et al., 2011). The currently 
available GEF assays clearly do not reflect functional conse-
quences in all cases and can only be used as a starting point 
for developing such an overall functional assay. A suitable 
assay, or set of assays, that reflects all eIF2B functions may 
well assist in the diagnosis of VWM and in assessing the pre-
dicted disease severity associated with novel mutations.

Severity-grading of mutations, insight into genotype–
phenotype correlation and knowledge of clinical predictors 
of outcome improve counseling of patients and families. 
Reliable mutation-based prediction of the disease course fa-
cilitates clinical decision making, for instance in the case of 
prenatal testing. It is, however, important to realize that the 
genotype is not the only factor determining the phenotype. 
The recent natural history study shows that environmental 
factors also influence disease severity, especially for patients 
with longer survival (Hamilton et al., 2018). Environmental 
stresses, like febrile infections and head trauma, negatively 
impact the disease course. They can in part be avoided by 
preventive measures, thereby also impacting the phenotype 
(Hamilton et al., 2018).

Different therapies for VWM are emerging and the first 
trials are being developed (Abbink et al., 2019; Dooves et al., 
2018; Wong et al., 2019). The effects of treatment may be 
influenced by the mutations of the patient, as indicated for 
ISRIB (Abbink et al., 2019), requiring individualized therapy 
decisions. Importantly, considering that VWM is a fatal dis-
ease, trials using historical controls may ethically be prefer-
able above placebo-controlled trials. The current study and a 
previous natural history study (Hamilton et al., 2018) provide 
the first data needed for propensity score matching, that is, 
based on age of onset and mutation severity.
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