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Abstract

Eukaryotic translation initiation factor 2B (eIF2B) is the guanine nucleotide exchange factor of the 

GTPase eIF2, which brings the initiator Met-tRNAi to the ribosome in the form of the eIF2-

GTP·Met-tRNAi ternary complex (TC). The activity of eIF2B is inhibited by phosphorylation of 

its substrate eIF2 by several stress-induced kinases, which triggers the integrated stress response 

(ISR). The ISR plays a central role in maintaining homeostasis in the cell under various stress 

conditions, and its dysregulation is a causative factor in the pathology of a number of 

neurodegenerative disorders. Over the past three decades, virtually every aspect of eIF2B function 

has been the subject of uncertainty or controversy: from the catalytic mechanism of nucleotide 

exchange, to whether eIF2B only catalyzes nucleotide exchange on eIF2 or also promotes binding 

of Met-tRNAi to eIF2-GTP to form the TC. Here, we provide the first complete thermodynamic 

analysis of the process of recycling of eIF2-GDP to the TC. The available evidence leads to the 

conclusion that eIF2 is channeled from the ribosome (as an eIF5·eIF2-GDP complex) to eIF2B, 

converted by eIF2B to the TC, which is then channeled back to eIF5 and the ribosome. The system 

has evolved to be regulated by multiple factors, including post-translational modifications of eIF2, 

eIF2B, and eIF5, as well as directly by the energy balance in the cell, through the GTP:GDP ratio.
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Eukaryotic translation initiation factor 2B (eIF2B) is one of the main targets in the 

regulation of protein synthesis in the cell. It is the guanine nucleotide exchange factor (GEF) 

of the GTPase eIF2, which when bound to GTP, brings the initiator Met-tRNAi to the 

ribosome, in the form of the eIF2-GTP·Met-tRNAi ternary complex (TC). eIF2 consists of 

α, β, and γ subunits, with eIF2γ being the actual GTPase, and eIF2α and -β serving 

accessory functions. Upon start codon recognition, the GTPase-activating protein (GAP) 

eIF5 promotes GTP hydrolysis. eIF2-GDP has a lower affinity for Met-tRNAi and is 

released from the ribosome. eIF2B catalyzes the conversion of eIF2-GDP back to eIF2-GTP 

and the binding of Met-tRNAi to produce a new TC.1–3

The activity of eIF2B is regulated by phosphorylation of its substrate eIF2, by binding of 

nucleotides and cofactors to eIF2B, and by phosphorylation of eIF2B itself. In humans, 

several kinases phosphorylate eIF2α at serine 51 (S51) in response to various types of stress, 

including viral infection (PKR), unfolded proteins in the ER (PERK), amino acid starvation 

(GCN2), and heme deficiency (HRI), in what is collectively known as the integrated stress 

response (ISR). Phosphorylated eIF2-GDP [eIF2(α-P)-GDP] is a competitive inhibitor of 

eIF2B. Inhibition of eIF2B activity causes downregulation of global protein synthesis and 

triggers the ISR by inducing the production of a set of transcription factors. The result is the 

activation of both pro-apoptotic pathways and pro-survival pathways aimed at restoring 

homeostasis (Figure 1). Because the stressors themselves can cause cell death, either an 

insufficient or overly aggressive stress response can lead to apoptosis. Dysregulated ISR is a 

causative factor in the pathology of a number of neurodegenerative disorders, including 

Alzheimer’s disease and prion disease.3–8

eIF2B has five subunits, α–ε, recently shown by us and others to assemble into an ~600 kDa 

decamer.9–13 eIF2Bγ and -ε are homologous to each other and form the catalytic 

subcomplex, eIF2Bγε (eIF2Bcat). The eIF2Bε C-terminal domain (eIF2Bε-CTD) is the 

catalytic domain. eIF2Bα, -β, and -δ (homologous to each other, but not to eIF2Bγε) form 

the hexameric regulatory subcomplex, eIF2Bα2(βδ)2 (eIF2Breg), to which two eIF2Bcat 

complexes bind (Figure 2A).11

While it has been reported that eIF2Bε has some catalytic activity in vitro, and the eIF2Bcat 

subcomplex has activity comparable to that of intact eIF2B,14 four of the five eIF2B 

subunits (β, γ, δ, and ε) are essential in Saccharomyces cerevisiae. Their essential function 

must be related to eIF2 nucleotide exchange, because the lethality of an eIF2B deletion is 

suppressed by co-overexpression of eIF2 and tRNAi. The resulting cells have a slow-growth 

phenotype, which is partly ameliorated by a mutation in eIF2γ that increases the rate of 

spontaneous GDP dissociation.15 The lethal phenotype of eIF2Bγ and eIF2Bε depletion can 

be suppressed by overexpression of only eIF2, without overexpressing tRNAi, while 

overexpressing only tRNAi is sufficient to suppress the lethality of eIF2Bδ depletion.16 

Therefore, the essential functions of eIF2Bγ and eIF2Bε appear to be related to nucleotide 

exchange, while that of eIF2Bδ appears to be related to binding of Met-tRNAi to eIF2-GTP. 

eIF2Bβ depletion causes co-depletion of eIF2Bδ, and suppressing the lethal phenotype of 

eIF2Bβ depletion requires overexpression of both eIF2 and tRNAi. Therefore, it is not clear 

whether the essential function of eIF2Bβ is in only nucleotide exchange or also in Met-

tRNAi binding.16
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eIF2Bα deletion is not lethal in S. cerevisiae. Instead, it reduces the affinity of eIF2B for 

eIF2(α-P)-GDP and renders it resistant to inhibition by eIF2α phosphorylation: General 

control nonderepressible (Gcn−) phenotype, characterized by the inability to induce ISR 

under conditions of amino acid starvation (reviewed in refs 5 and 6). eIF2α and its 

phosphorylated form (eIF2α-P) bind in a pocket on eIF2Breg formed by the N-terminal 

domains (NTDs) of eIF2Bα, -β, and -δ (Figure 2).11 In S. cerevisiae, Gcn− mutations have 

been found in the eIF2Bα, -β, and -δ subunits: on the surfaces now known to contact eIF2α 
and at the interfaces between eIF2Bα2 and eIF2Bβδ. The former group of mutations directly 

lowers the eIF2B affinity for eIF2α, while the latter likely destabilizes the binding of 

eIF2Bα to the rest of eIF2B or changes the architecture of eIF2Breg and its eIF2α-binding 

pocket, thus indirectly affecting the affinity of eIF2B for eIF2α.11

Mutations that decrease eIF2B activity induce the ISR in the absence of eIF2α 
phosphorylation (General control derepressed, Gcd−). Gcd− mutations have been isolated not 

only in the four essential eIF2B subunits but also in eIF2Bα. Furthermore, some Gcn− 

mutations, when combined with eIF2Bα deletion, cause a Gcd− phenotype.3,5,16,17 

Therefore, eIF2α binding in the eIF2Breg pocket appears to be important not only for 

inhibition by eIF2(α-P)-GDP but also for catalysis. However, catalysis and inhibition differ 

in their sensitivity to the strength of the interaction, with inhibition being affected first, while 

catalysis may become impaired only if eIF2α binding in the eIF2Breg pocket is severely 

disrupted. A role for the eIF2α–eIF2Breg interaction in catalysis is also supported by the 

observation that overexpression of eIF2β γ and tRNAi in S. cerevisiae suppresses the 

lethality of both eIF2B deletion and eIF2α deletion.15

EIF2B FUNCTIONS AND MECHANISM OF ACTION

Slow Rate of Dissociation of GDP from eIF2

The rate of dissociation of GDP from eIF2 is ~1 × 10−1 min−1 for S. cerevisiae eIF218,19 and 

even slower, ~5 × 10−3 min−1, for mammalian eIF2.20,21 Because translation is initiated on a 

time scale of seconds, eIF2, like many other GTPases, needs a GEF to accelerate GDP 

release. GEFs promote GDP dissociation by destabilizing the GDP-bound state of the 

GTPase.22,23 Accordingly, the eIF2B·eIF2 complex has an affinity for GDP (~1 μM) that is 

lower than that of eIF2 (~10 nM),20,24 and eIF2B has greater affinity for apo-eIF2 than for 

eIF2-GDP.20,24–27 Binding of eIF2 to eIF2B and binding of eIF2 to GDP are 

thermodynamically coupled. Thermodynamically coupled interactions exert reciprocal 

effects on each other, which stems from the Conservation of Energy Principle.28 For 

instance, if eIF2B lowers the affinity of GDP for eIF2 ~100-fold, GDP must lower the 

affinity of eIF2B for eIF2 ~100-fold, and the experimentally determined ratio of the KDs of 

eIF2B for eIF2-GDP and eIF2B for apo-eIF2 is indeed ~100:1.20,24–27

While the destabilizing effect of eIF2B on binding of GDP to eIF2 is not a subject of 

controversy, a recent article by Jennings and co-authors reported, based on an affinity pull-

down assay, that eIF2B has the same affinity for eIF2-GDP, apo-eIF2, and eIF2-GTP.29 This 

result is at odds with previous reports20,24–27 and appears to indicate that an enzyme (eIF2B) 

has the same affinity for the substrate (eIF2-GDP) and the reaction intermediate (apo-eIF2), 
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making it difficult to rationalize how eIF2B would be able to catalyze GDP dissociation. 

Furthermore, the affinity pull-down assay is not a standard method for KD determination.

eIF2-GDP:eIF2-GTP Equilibrium Ratio of 10:1

The affinity of eIF2 for GDP is ~100-fold greater than that for GTP, while the GDP 

concentration in the cell is only ~10-fold lower. Therefore, the equilibrium eIF2-GDP:eIF2-

GTP ratio is ~10:1.20,24 An enzyme cannot change the equilibrium between a substrate and a 

product; it only accelerates the process of reaching the equilibrium. Therefore, if eIF2-GTP 

is the product of the exchange reaction, the most eIF2B can achieve is 10% eIF2-GTP.20,24 

Such a challenge is overcome by coupling the energetically unfavorable step with a more 

favorable one, Met-tRNAi binding in the case of eIF2B. Because the equilibrium between 

eIF2-GDP and TC is ~1:1, coupling nucleotide exchange with Met-tRNAi binding yields a 

1:1 substrate:-product ratio.20,24 Coupling could be achieved in two different ways. (i) 

Binding of Met-tRNAi to eIF2-GTP could continually remove eIF2-GTP and yield sufficient 

rates of TC formation by mass action, even though only 10% of eIF2 is bound to GTP. (ii) 

eIF2B catalyzes both nucleotide exchange and binding of Met-tRNAi to eIF2-GTP. Under 

this scenario, the TC is the product of eIF2B catalysis while eIF2-GTP is a reaction 

intermediate. Both of these scenarios have precedents. For instance, bacterial translation 

elongation factor Ts (EF-Ts, also known as EF-1B) appears to work as a “stand-alone” GEF 

and releases EF-Tu-GTP, followed by aa-tRNA binding. However, the equilibrium ratio of 

GTP- and GDP-bound EF-Tu (EF-1A) is more favorable than that of eIF2.30 In contrast, 

eukaryotic translation elongation factor 1B (eEF1B) has a high affinity for eEF1A-GTP, 

remains bound to it, and is released only upon aa-tRNA binding.31–33 Analysis of the 

available evidence shows that eIF2B works like eEF1A: it has high affinity for eIF2-GTP, 

the rate of eIF2-GTP release is too slow to be physiologically relevant (hallmark of a 

reaction intermediate), and the rate of GDP to GTP exchange is stimulated by the presence 

of Met-tRNAi, 34,35 consistent with scenario (ii) described above. Assays for eIF2B activity 

typically use exchange of unlabeled GDP for labeled GDP, because the rate of release of 

eIF2-GDP from eIF2B is approximately an order of magnitude faster than the rate of eIF2-

GTP release.36,37 Exchange rates in the presence of both GTP and Met-tRNAi are 

comparable to those in the presence of GDP, because the rate of release of the TC from 

eIF2B is comparable to the rate of release of eIF2-GDP.34 Therefore, eIF2-GTP is a reaction 

intermediate, whereas the TC is the actual product of eIF2B catalysis.34,35 Unfortunately, 

this observation has largely been ignored in the field in recent years. The yeast genetic data 

on eIF2Bβ and -δ depletion,16 described above, also indicate that eIF2B may play a role not 

only in nucleotide exchange but also in binding of Met-tRNAi to eIF2-GTP. In fact, eIF2B 

appears to channel eIF2 even further, because it forms a relatively stable complex with the 

TC34,35 (see below).

Catalytic Mechanism of eIF2B

Like other GEFs,22,23 eIF2B acts as a GDP dissociating factor: it destabilizes binding of 

GDP to eIF2, which allows GTP to bind.38 However, the eIF2B catalytic mechanism had 

been the subject of a decades-long controversy, which has not completely died down even 

now. The confusion stems from the observation that eIF2B itself binds GTP, raising the idea 

that catalysis could involve direct transfer of GTP from eIF2B to eIF2.36,39 However, such a 
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mechanism has not been observed in other GEFs,22,23 and Williams and co-authors showed 

that eIF2B itself does not need GTP to promote dissociation of GDP from eIF2.38 

Furthermore, eIF2Bε-CTD (which has not been reported to bind GTP) has some GEF 

activity on its own.40 Therefore, it is clear that eIF2B can promote nucleotide exchange 

without direct transfer of GTP from eIF2B to eIF2. Nevertheless, the idea that binding of 

GTP to eIF2B can stimulate exchange through direct transfer or at least by somehow 

increasing the GTP concentration around eIF2 seems to persist and is difficult to rule out 

experimentally because GTP, like a number of other small molecules, can have an allosteric 

effect on eIF2B activity.36,41–43 However, this idea can be ruled out on the basis of 

thermodynamic analysis. Unlike other types of catalysis, nucleotide exchange does not 

involve formation or breaking of covalent bonds. Therefore, it does not appear to be possible 

to find even a theoretical scenario under which transfer of a GTP molecule from eIF2B to 

eIF2 would be energetically or kinetically beneficial for catalysis, nor is there a scenario 

under which binding of GTP to eIF2B would be strong enough to increase the effective 

concentration of GTP near eIF2 but weak enough for GTP to be transferred to eIF2 faster 

than the rate of binding of free GTP. Furthermore, the GTP concentration in the cell is ~0.5 

mM, and GTP binding is hardly a rate-limiting step. Therefore, unless and until at least a 

theoretical mechanism is found, via which eIF2B-bound GTP could directly contribute to 

the rate of nucleotide exchange, it is safe to assume that the role of binding of GTP to eIF2B 

is allosteric.

Regulation of eIF2B Activity by eIF2α Phosphorylation

eIF2(α-P)-GDP is a competitive inhibitor of eIF2B, and it is generally assumed that 

phosphorylated eIF2α has a higher affinity for eIF2Breg and locks the eIF2B·eIF2(α-P)-

GDP complex into an inhibited state that presumably has an architecture that is different 

from that of the eIF2B·eIF2-GDP complex.5,6,8,16,43,44 Recently, we showed that 

phosphorylation does not directly affect the affinity of eIF2α for eIF2Breg but instead acts 

indirectly by destabilizing an autoregulatory intramolecular interaction between eIF2α-NTD 

and -CTD, which enables eIF2α-NTD to bind to eIF2Breg.45 The available evidence 

indicates that the binding of phosphorylated and unphosphorylated eIF2α-NTD to eIF2B is 

similar, and we proposed a model in which the eIF2B·eIF2 complex exists in equilibrium 

between a nucleotide-bound state and an apo state. In the nucleotide-bound state, eIF2α is in 

an “extended” conformation, where eIF2α-NTD is bound in the eIF2Breg pocket and does 

not contact eIF2α-CTD. In the apo state, eIF2α is in a “closed” conformation, where eIF2α-

NTD and -CTD contact each other and eIF2α-NTD is not in the eIF2Breg pocket (Figure 

2B). eIF2B favors the apo state when eIF2α is not phosphorylated, thus promoting GDP 

dissociation. According to our model, eIF2α phosphorylation destabilizes the “closed” 

conformation of eIF2α and thus promotes the extended GDP-bound state at the expense of 

the “closed” apo state of the eIF2B·eIF2(α-P) complex. As a result, eIF2B has the same 

affinity for eIF2(α-P)-GDP as for the reaction intermediate, apo-eIF2(α-P), and thus has no 

catalytic activity for eIF2(α-P)-GDP.45 Therefore, to inhibit eIF2B activity, eIF2α 
phosphorylation does not need to change the overall architecture of the eIF2B·eIF2 complex 

into a putative new inhibited state; it only needs to change the relative stability of the 

complexes of the enzyme with the substrate (eIF2-GDP) and reaction intermediate (apo-

eIF2).
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CHANNELING OF EIF2

It was suggested as early as the 1980s that eIF2 may be channeled from eIF2B to the 

ribosomal translation initiation complex.35 While this idea has mostly been forgotten, 

evidence emerged in recent years that channeling of eIF2 could in fact be even more 

extensive. eIF2-GDP was reported to be released from the ribosome in complex with its 

GAP, eIF5, which competes with eIF2B for binding to eIF2-GDP.19,26,46 It was also recently 

reported that eIF2B and eIF5 compete for the TC,29 although the authors did not suggest that 

eIF2 is channeled from eIF2B to eIF5.

Stable eIF5·eIF2-GDP Complex

eIF2-GDP is released from the ribosome in a stable complex with eIF5.46–48 eIF5-CTD, 

which binds to eIF2β-NTT, is homologous to the catalytic eIF2Bε-CTD, and the two 

compete for binding to eIF2β. The concentrations of eIF2 and eIF5 are comparable (see, 

e.g., the PaxDb protein abundance database49); therefore, if there is no pool of free eIF2-

GDP, eIF2B must displace eIF5 from eIF2-GDP, before it can promote nucleotide exchange. 

Thus, eIF5 acts as a GDP dissociation inhibitor (GDI), and eIF2B acts as a GDI dissociation 

factor (GDF).19,26,46 In S. cerevisiae, eIF5 inhibits by 2-fold the already slow rate of 

dissociation of GDP from eIF2,19 whereas human eIF5 has no effect on GDP dissociation.21 

It should be noted that the role of GDIs is primarily to prevent binding of the GEF to the 

GTPase and thus GEF-catalyzed nucleotide exchange, rather than further decelerating an 

already slow spontaneous GDP dissociation.50 While the two-fold effect of yeast eIF5 on 

GDP dissociation from eIF2 could have some accessory role, it is clear that such an effect 

would be modest, compared to the inhibitory effect of eIF5 on eIF2B binding. Binding of 

eIF2B and eIF5 to eIF2 is not strictly competitive, because eIF2B· eIF2·eIF5 complexes 

were observed in S. cerevisiae when eIF5 was overexpressed. It appears that in these 

complexes, eIF5-CTD is bound to eIF2β-NTT, because a mutation at the eIF2β-binding 

surface of eIF5-CTD abrogated complex formation.46

Stable eIF2B·eIF2-GTP Complex and eIF2B·TC Complex

The slow rate of dissociation of eIF2-GTP from eIF2B was already discussed above. 

Because eIF2-GTP is an intermediate and not a product, it does not need to be released from 

eIF2B until it binds Met-tRNAi, forming the TC, which has lower affinity for eIF2B and can 

be released. Remarkably, the eIF2B·TC complex is also relatively stable, with rates of TC 

release on the order of ~5 min−1,34 and is able to withstand analytical centrifugation.35 

Adding ribosomal initiation complexes stimulated eIF2B activity, and it was suggested that 

the TC may be channeled from eIF2B directly to the ribosome.35 If the rate of dissociation 

of the TC from eIF2B is too slow, then eIF2B needs to be displaced from the TC by another 

molecule. Because binding of eIF5 to eIF2 appears to be independent of the presence of a 

nucleotide or Met-tRNAi, or even has a slightly higher affinity for the TC,21,51 eIF5 would 

be able to compete more efficiently with eIF2B for TC binding than for binding to apo-eIF2 

or eIF2-GTP. Unlike eIF5, the multifactor complex (MFC), composed of at least eIF3, eIF1, 

and eIF5, has a higher affinity for TC than for eIF2,21 and therefore, the MFC [or the 43S 

ribosomal preinitiation complex (PIC)] would be even more effective in displacing eIF2B.
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Jennings and co-authors recently suggested that Met-tRNAi and eIF2B compete for eIF2-

GTP.29 While Met-tRNAi clearly lowers the affinity of eIF2-GTP for eIF2B and vice versa,
29,34 the distinction between weaker binding and competition effectively comes down to the 

relative KDs. Because the concentrations of both eIF2B and Met-tRNAi are in the range of 1 

μM, if the KD for binding of eIF2B to the TC is in the nanomolar range (lower than the 

eIF2B concentration), then a significant amount of the eIF2B·TC complex exists. 

Conversely, if the KD for binding of eIF2B to the TC is in the micromolar range or greater, 

then the equilibrium will be in favor of free eIF2B and the TC. Previous reports indicate 

stable binding, consistent with a KD in the nanomolar range.34,35 Because binding of Met-

tRNAi to eIF2-GTP in the presence of eIF2B, and vice versa, was observed at nanomolar 

concentrations,29 these results are also fully consistent with the existence of the eIF2B·TC 

complex in the cell. The authors proposed that eIF5 and eIF2B compete for the TC and that 

the eIF5·TC complex is the final product,29 which is the same conclusion as the one we 

reach here (see also the thermodynamic analysis below). The difference lies in how the 

eIF5·TC complex is formed. Jennings and co-authors propose that eIF2-GTP is first released 

from eIF2B, then binds Met-tRNAi to form the TC, and finally eIF5 binds the TC and 

“protects” it from eIF2B. However, as we explain above, the rate of release of eIF2-GTP 

from eIF2B appears to be too slow to be physiologically relevant. Also, the available data in 

the literature,34,35 as well as the results of Jennings and co-authors,29 indicate that the 

eIF2B·TC complex is relatively stable and eIF2B needs to be displaced from the TC.

Thus, there is now genetic and biochemical evidence in support of (i) the transfer of eIF2-

GDP from eIF5 directly to eIF2B, (ii) the role of eIF2B in both nucleotide exchange and 

Met-tRNAi binding, with the TC (and not eIF2-GTP) being the product of eIF2B catalysis, 

and (iii) the transfer of the TC from eIF2B to eIF5. Therefore, eIF2 appears to be channeled 

in a full cycle from the ribosome to eIF2B, and back to the ribosome. The thermodynamic 

analysis presented below fully supports this conclusion.

Thermodynamic Description of the eIF2B Catalytic Cycle

We sought to combine the recent structural insights into the mechanism of eIF2B action and 

regulation described above with binding and rate constants derived from decades of research 

to build a complete thermodynamic description of the entire process and correlate it to 

respective structures (Figure 3). All experimental, calculated, and estimated KDs used to 

generate Figure 3 are listed in Table 1. The complete thermodynamic description of the 

eIF2B-catalyzed recycling of eIF2-GDP to the TC was built as follows.

i. Known KDs that were consistent among different reports were rounded to 

multiples of ten and used to populate the pathway (Figure 3), while ensuring that 

after rounding up, they are internally consistent with thermodynamic coupling.28 

As described above, thermodynamically coupled interactions exert reciprocal 

effects on each other, which stems from the Conservation of Energy Principle. 

For instance, if eIF2B lowers the affinity of eIF2 for GDP ~100-fold, GDP must 

in turn lower the affinity of eIF2 for eIF2B ~100-fold.

ii. In cases in which reported KDs varied by more than 2–3-fold between different 

sources, the KD value was selected on the basis of buffer conditions in the reports 
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(e.g., physiological Mg2+ concentration, salt, and temperature were preferred) 

and thermodynamic coupling with other KDs.

iii. In cases in which no KDs have been reported, thermodynamic coupling was used 

to calculate the KD from known KDs, or at least to set upper and lower limits for 

the KD.

iv. Because the relevant rates in translation are on the order of seconds2,3,6,52 and 

each eIF2 molecule is recycled every few seconds,53 steps whose rates were on 

the order of once per minute or slower were considered not physiologically 

relevant, unless special circumstances make them relevant.

The following relationships among KDs (R1–R6) were used:

(R1) Binding of eIF2B to eIF2 weakens GDP binding 100-fold, and vice versa.20

(R2) Binding of eIF2B to eIF2 weakens GTP binding 10-fold, and vice versa.20

From this relation, we can calculate that KD([2B]·[2-GTP]) is 10 times greater 

than KD([2B]·[2]), or 100 pM, if KD([2B]·[2]) is 10 pM.

(R3) The affinity of Met-tRNAi for eIF2B·eIF2-GTP and the affinity of eIF2B for TC 

are not known. However, binding of Met-tRNAi to eIF2-GTP and binding of 

eIF2B to eIF2-GTP are thermodynamically coupled, allowing the following 

determination to be made:

Rearranging this equation yields

Using 10 nM for KD([tRNA]·[2-GTP]) and 100 pM for KD([2B]·[2-GTP]), we 

can calculate that their ratio is 100:1. From the equation given above, the ratio of 

KD([tRNA]·[2B:2-GTP]) to KD([2B]·[TC]) is also 100:1. Therefore, we are able 

to determine that Met-tRNAi binds to eIF2B·eIF2-GTP roughly 100-fold weaker 

than eIF2B binds to the TC.

(R4) Because the affinity of eIF2B for eIF2(α-P) is the same as the affinity of eIF2B 

for eIF2(α-P)-GDP25
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using thermodynamic coupling we can obtain the following relation

(R5) No effect21 or a two-fold effect19 of eIF5 on dissociation of GDP from eIF2 was 

observed. Therefore, GDP’s affinity for eIF5·eIF2 should be similar to its 

affinity for eIF2 (KD ~ 10 nM). Then, on the basis of thermodynamic coupling, 

eIF5’s affinity for apo-eIF2 is similar to its affinity for eIF2-GDP.

(R6) Because the affinities of eIF5 for apo-eIF2, eIF2-GDP, and TC are all similar 

(KD ~ 10 nM), it is unlikely that binding of eIF5 to eIF2 is strongly dependent 

on which nucleotide is bound to eIF2. In this case, we can surmise that eIF5’s 

affinity for eIF2-GTP is likely similar to its affinity for apo-eIF2, eIF2-GDP, and 

TC (KD ~ 10 nM). Therefore, by thermodynamic coupling, we can expect the 

affinity of GTP for eIF5·apo-eIF2·Met-tRNAi to be similar to the affinity of GTP 

for apo-eIF2·Met-tRNAi (KD ~ 100 nM).

As a note, with regard to representations in Figure 3B, the KDs for binding of a nucleotide to 

eIF2(α-P) are the same as those for binding to eIF2. A difference is seen only when eIF2 is 

bound to eIF2B. Therefore, in Figure 3B, we use the same names for them as in Figure 3A, 

to emphasize their equivalence.

Estimation of KD([tRNA]·[2B:2-GTP]) and KD([2B]·[TC])—Given the affinities of 

Met-tRNAi for eIF2-GTP (KD ~ 10 nM), of eIF2B for eIF2-GTP (KD ~ 100 pM), and of 

eIF5 for TC (KD ~ 10 nM), and also relationship R3, we can estimate a likely bound on the 

affinity of Met-tRNAi for eIF2B·eIF2-GTP and a corresponding bound on the affinity of 

eIF2B for the TC. We estimate the KD of Met-tRNAi for eIF2B·eIF2-GTP to be ~100 nM 

and certainly between 10 nM and 1 μM. Correspondingly, the KD of eIF2B for the TC 

should be ~1 nM and certainly between 100 pM and 10 nM. The rationale is as follows.

If Met-tRNAi’s affinity were the same for eIF2B·eIF2-GTP and eIF2-GTP or higher for 

eIF2B·eIF2-GTP than for eIF2-GTP, then by relationship R3 this would mean that eIF2B’s 

affinity for the TC would be the same as or higher than its affinity for eIF2-GTP alone, 

which is already very high (KD = 100 pM). This would mean that the affinity of eIF2B for 

TC would be at least 100-fold higher than the affinity of eIF5 for the TC (i.e., KD ≲ 100 pM 

vs ~10 nM). Such a disparity would make it hard for eIF5 to displace eIF2B from the TC, a 

necessary next step in catalysis. Spontaneous dissociation of the TC from eIF2B would also 

be too slow, as is the case for dissociation of eIF2-GTP from eIF2B. Thus, we can conclude 
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that Met-tRNAi’s affinity must be lower for eIF2B·eIF2-GTP than for eIF2-GTP. This 

conclusion is fully supported by published reports that the rate of dissociation of TC from 

eIF2B is faster than that of eIF2-GTP34 and that the affinity of Met-tRNAi for eIF2-GTP is 

lower in the presence of eIF2B29. While the authors of the latter report calculated KDs for 

binding of Met-tRNAi to eIF2-GTP in the presence of eIF2B, those are only apparent KDs, 

because the eIF2B concentrations used were not always saturating.29

If Met-tRNAi’s affinity were much more than 10-fold lower for eIF2B·eIF2-GTP than for 

eIF2-GTP, that would make the KD much greater than 100 nM. As the cellular concentration 

of Met-tRNAi is ~300 nM,54 this would shift the equilibrium away from the formation of the 

product, TC. Thus, we can conclude that Met-tRNAi’s affinity is unlikely to be much more 

than 10-fold lower for eIF2B·eIF2-GTP than for eIF2-GTP. Then, again by relationship R3, 

this would mean that the KD of eIF2B for the TC would be unlikely to be much more than 1 

nM.

A KD of Met-tRNAi for eIF2B·eIF2-GTP of ~100 nM is consistent with the report that half-

maximal stimulation of nucleotide exchange was achieved with 60 nM Met-tRNAi.34 It has 

also been shown that the rates of dissociation of eIF2-GDP and the TC from eIF2B are 

similar,34 which is consistent with the KD of eIF2B for the TC being similar to that of eIF2B 

for eIF2-GDP (~1 nM). Finally, the 10-fold lower affinity of the TC for eIF5 (10 nM) 

compared to that for eIF2B (1 nM) is balanced by the fact that the cellular concentration of 

eIF5 is roughly ten-fold higher than that of eIF2B, leading to an equilibrium optimally 

primed for regulation.

The thermodynamic scheme shown in Figure 3 has some obvious important implications.

(1) eIF2 is indeed channeled from the translation initiation complex (IC) to eIF5, to eIF2B, 

to eIF5 again, and back to the IC. Because the KDs of eIF5 and eIF2B for eIF2, eIF2-GDP, 

eIF2-GTP, and the TC are all ≤20 nM, there cannot be a meaningful amount of free eIF2 in 

the cell unless there is more eIF2 than eIF5 and eIF2B combined. Because the eIF2 and eIF5 

concentrations are comparable and that of eIF2B varies between 1/10 and 1/2 of that of eIF2 

(see, e.g., the PaxDb protein abundance database49), the excess of eIF2 seems unlikely in 

most cell types. Furthermore, off rates of eIF2 from eIF5 and eIF2B are known to be on the 

order of ≤1 min−1, or the complexes have been observed using analytical centrifugation, size 

exclusion chromatography, or pull-down experiments and are therefore stable for at least 

minutes (see, e.g., 20, 24, 25, 34, and 35). Because the process of eIF2 recycling occurs on 

the time scale of seconds,53 the spontaneous dissociation of these complexes is too slow to 

be physiologically relevant.

Of the slow off rates presented above, two are on the catalytic pathway and thus present a 

challenge for eIF2B-catalyzed nucleotide exchange: that for dissociation of eIF5 from eIF2-

GDP (step I in Figure 3A) and that for dissociation of eIF2B from TC (step V in Figure 3A). 

As described above, the issue of the tight binding of eIF5 to eIF2-GDP has been identified 

previously, with eIF5 acting as a GDI, and eIF2B acting as a GDF, displacing eIF5 from 

eIF2-GDP by forming an unstable transient eIF5·eIF2-GDP·eIF2B complex leading to a 

faster eIF5 dissociation rate.19,26,46
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The stability of the eIF2B·TC complex35 also indicates that the rate of displacement of 

eIF2B from the TC by eIF5 (Figure 3A, step V) must be faster than the spontaneous rate of 

release of the TC from eIF2B. Therefore, there needs to be a “GEF displacing factor” 

(“GEF-DF”), which we hypothesize is most likely eIF5 and/or the MFC (see Channeling of 

eIF2). The relative instability of the eIF5·eIF2-GDP·eIF2B complex also offers a mechanism 

for acceleration of displacement of eIF2B from the TC by eIF5. On the basis of 

thermodynamic coupling (see above), simultaneous binding of eIF5 and eIF2B to eIF2 

equally destabilizes the eIF2B–eIF2 and eIF5–eIF2 interactions. While eIF5 may have a 

lower or comparable affinity for the TC compared to that of eIF2B, the cellular 

concentration of eIF5 is higher than that of eIF2B (see, e.g., the PaxDb protein abundance 

database49). In competing with eIF2B for TC, eIF5 could bind to eIF2β-NTT in eIF2B·TC 

complexes when eIF2β-NTT is transiently released from eIF2Bε-CTD. It is also possible 

that eIF5 and eIF2B can bind to different portions of eIF2β-NTT simultaneously, 

destabilizing each other’s binding. The DWEAR motif in eIF519 could also play a role. 

Therefore, the concept of GDI, GDF, and “GEF-DF” functions of eIF5 and eIF2B should be 

viewed in a broader sense. eIF2B and eIF5 displace each other as eIF2-GDP is channeled 

from eIF5 to eIF2B. eIF2-GDP is recycled by eIF2B to the TC, which is then channeled 

back to eIF5, the MFC, and the ribosome for a new round of translation initiation.

If there are cases in which the eIF2 concentration in a cell exceeds the sum of the eIF5 and 

eIF2B concentrations, one might expect a weakening in the competition between eIF2B and 

eIF5 for eIF2-GDP, and thus in channeling at that step. While excess eIF2 would make it 

easier for eIF2B to bind free eIF2-GDP, without competing with eIF5, it could be 

problematic at the end of the cycle: little free eIF5 could make it difficult for eIF5 to 

compete with eIF2B for the TC. It has been reported that in mammals, MFCs containing 

eIF2-GDPNP have affinity for Met-tRNAi that is 2-fold greater than that of free eIF2-

GDPNP, whereas the affinity of MFCs containing eIF2-GDP for Met-tRNAi is much lower 

than that of free eIF2-GDP.21 Therefore, the MFC discriminates against formation of 

aberrant complexes containing eIF2-GDP and Met-tRNAi. While the MFC could be formed 

independent of the presence or absence of GDP, GDPNP, or Met-tRNAi,21 the MFC and the 

43S PIC, or at least the 43S PIC, must also have a higher affinity for the TC than for eIF2-

GDP (or there would be no driving force for the formation of the active TC-containing 

complexes over inactive ones containing eIF2-GDP and no Met-tRNAi). Therefore, the 

MFC, or the 43S PIC, should still be able to pick a TC directly from eIF2B, even in excess 

free eIF2-GDP.

(2) eIF2B-bound eIF2 exists in an ~1:1 ratio between eIF2-GDP and eIF2-GTP complexes. 

eIF2B destabilizes binding of GDP to eIF2 ~100-fold compared to free eIF2: from 10 nM to 

~1 μM (the basis for its catalytic effect on nucleotide exchange). It also destabilizes binding 

of GTP to eIF2 approximately ten-fold from 1 to 10 μM. Therefore, as previously reported,
20 eIF2B-bound eIF2 equilibrates to an ~1:1 ratio between eIF2-GDP and eIF2-GTP 

complexes, because the affinity of eIF2B·eIF2 for GDP is approximately ten-fold higher and 

the concentration of GDP approximately ten-fold lower (steps II and III in Figure 3A). 

Given the increased rate of dissociation of GDP from eIF2B·eIF2, equilibration should be 

fast enough to be physiologically relevant, and because these KDs are lower than the cellular 

concentrations of GDP and GTP, there should be little eIF2B·apo-eIF2. In contrast, in the 
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absence of eIF2B, the equilibrium is 10:1 in favor of eIF2-GDP over eIF2-GTP, and even 

that ratio cannot be reached because of the slow dissociation of GDP from eIF2, compared 

to the time scale of translation.

(3) The eIF2B complexes with eIF2-GDP, eIF2-GTP, and TC could be at an ~1:1:1 

equilibrium. Given that the KD of Met-tRNAi for eIF2B·eIF2 is ~100 nM (Figure 3A and 

Table 1) and the concentration of Met-tRNAi is ~300 nM,54 comparable to that of eIF2B, the 

equilibrium between eIF2B·eIF2-GTP and eIF2B·TC should not be shifted much toward 

eIF2B·TC. If the eIF2B complexes with eIF2-GDP, eIF2-GTP, and TC are near a 1:1:1 

equilibrium, the important practical implication is that the equilibrium will be dependent on, 

and potentially regulated by, the GTP:GDP ratio in the cell, as well as by the concentration 

of charged Met-tRNAi.

The eIF2B-catalyzed regeneration of TC and its delivery to the 43S IC are thus dependent on 

the concentration of the eIF2B·TC complex and the rate of transfer of the TC from eIF2B to 

eIF5, which are determined by the GTP:GDP ratio in the cell, the Met-tRNAi concentration, 

the relative affinities of eIF2B for eIF2-GDP, eIF2-GTP, and the TC, and the relative 

affinities of eIF5 and eIF2B for eIF2-GDP and the TC. These parameters are in turn 

dependent on, and can be regulated by, phosphorylation of eIF2, eIF2B, and eIF5 by a 

number of kinases, the energy state of the cell, and direct binding of a ligand to eIF2B.

The thermodynamic model shown in Figure 3 also illustrates the limitations of the 

commonly used in vitro eIF2B activity assay using exchange of eIF2-bound labeled GDP 

(typically [3H]GDP or BODIPY-GDP) with unlabeled GDP, as we had suggested earlier.3 

The assay measures the slower of two rates: the off rate of eIF2-GDP from eIF2B (rate of 

substrate release) or the off rate of GDP from eIF2B·eIF2 (the first step in the actual 

catalysis). Under normal conditions, the release of eIF2-GDP from eIF2B is slower and is 

thus effectively the rate being measured (Figure 3A). If eIF2B fails to stimulate the release 

of GDP from eIF2, as is the case with eIF2(α-P)-GDP, then GDP dissociation is actually 

being measured and the results of the assay are informative. Thus, this assay measuring the 

rate of exchange of labeled and unlabeled GDP is able to reproduce the inhibition of eIF2B 

activity by eIF2α phosphorylation, because formation of the stable eIF2B·eIF2(α-P)-GDP 

complex is the end point of the inhibition and the slow off rate of eIF2(α-P)-GDP from 

eIF2B is what leads to competitive inhibition of eIF2B (Figure 3B). This is the likely reason 

(along with its relative simplicity) why the assay has been used almost exclusively to 

measure eIF2B activity for the past two decades. However, it fails to reproduce the in vivo 
effects of a vast number of CACH/VWM mutations in eIF2B, phosphorylation of eIF2Bε by 

some kinases, or the requirement for the eIF2Bβ and eIF2Bγ subunits for eIF2B activity in 
vivo (reviewed in ref 3). The [3H]GDP/GDP exchange assay is necessarily insensitive to 

changes in the GDI activity of eIF5 or the GDF activity of eIF2B (Figure 3A, step I), as 

pointed out recently,26 or to changes in the relative affinities of eIF5 and eIF2B for the TC 

(Figure 3A, step V), i.e., the “GEF-DF” role of eIF5. Therefore, in cases in which the GDP 

dissociation rate does not become limiting, reliable information about eIF2B activity can be 

obtained only using in vivo phenotypes or using a complete in vitro reconstituted system for 

recycling of eIF2-GDP to the TC that includes not only eIF2B and Met-tRNAi but also eIF5, 

as well as physiological concentrations of GTP and GDP.
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Even when used to measure inhibition by eIF2(α-P)-GDP, the in vitro exchange assay would 

not quantitatively reflect the level of inhibition observed in vivo when a fraction of eIF2 is 

phosphorylated, unless the ratio of eIF2B to eIF2(α-P)-GDP in the in vitro assay is the same 

as that in vivo (which is not easy to achieve, if at all possible). For instance, if 10% of eIF2 

in the cell is phosphorylated and the eIF2B:eIF2 ratio is 1:5, then approximately half of 

eIF2B will be bound to eIF2(α-P)-GDP and inhibited. However, mixing in vitro eIF2B with 

eIF2 that is 10% phosphorylated in a 1:10 ratio would lead to nearly all of eIF2B being 

bound to eIF2(α-P)-GDP and inhibited.

It is interesting that the [3H]GDP/GDP exchange assay measures a significant GDP 

dissociation rate with free eIF2Bε,14 and even eIF2Bε-CTD (the catalytic domain).40 

Therefore, eIF2Bε alone stimulates the rate of dissociation of GDP from eIF2. If the rate of 

dissociation of eIF2-GTP from eIF2Bε is fast enough, then eIF2Bε could act as a “simple” 

GEF, releasing eIF2-GTP as the product of catalysis, and one would be able to use GTP 

instead of GDP to observe efficient GDP exchange in vitro (not efficient for WT eIF2B, 

which releases eIF2-GTP at a rate that is ~10-fold slower than that of eIF2-GDP). Why then 

is eIF2Bε not sufficient to perform the eIF2B function in vivo? The explanation is that the 

entire system has evolved for channeling. eIF2Bε is unable to efficiently compete with eIF5 

for binding to eIF2-GDP.26 Furthermore, it appears that Met-tRNAi is channeled from the 

methionyl-tRNA synthetase to eIF2B (reviewed in ref 3), and eIF2Bδ may promote binding 

of Met-tRNAi to eIF2 because its essential function in S. cerevisiae can be overcome by 

tRNAi overexpression.16

In summary, we provide the first complete thermodynamic description of the process of eIF2 

recycling. The evidence leads to the conclusion that eIF2 is channeled from the ribosome (as 

an eIF5·eIF2-GDP complex) to eIF2B, and then back to eIF5 and the ribosome (as the TC). 

The system appears to have evolved to be sensitive to, and regulated by, multiple factors, 

including post-translational modifications of eIF2, eIF2B, and eIF5, as well as directly by 

the energy balance in the cell. We offer a solid thermodynamic framework for analysis of the 

vast amount of available data. New experiments for obtaining a complete set of all relevant 

binding constants along the eIF2 recycling pathway will be required to test the predictions 

stemming from our analysis and to fill the remaining gaps in our knowledge of the 

mechanisms of eIF2B catalysis and regulation.
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Figure 1. 
Functions and regulation of eIF2B. eIF2 brings the Met-tRNAi to the ribosomal translation 

initiation complex, in the form of the eIF2-GTP·Met-tRNAi ternary complex (TC). Upon 

start codon recognition, eIF2 hydrolyzes GTP, and eIF2-GDP is released. eIF2B catalyzes 

nucleotide exchange and Met-tRNAi binding to form a new TC. Phosphorylation of the α 
subunit of eIF2 by several stress-activated kinases turns eIF2-GDP from a substrate into an 

inhibitor of eIF2B. Inhibition of eIF2B activity causes a decrease in the level of global 

protein synthesis and at the same time triggers the integrated stress response (ISR), which 

involves both pro-apoptotic and pro-survival pathways. The ultimate fate of the cell is either 

restoration of homeostasis or apoptosis, depending on the interplay between pro-survival and 

pro-apoptotic processes in the cell.
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Figure 2. 
Structural basis for the mechanisms of eIF2B action and regulation. (A) Structure of 

Schizosaccharomyces pombe eIF2B,11 viewed from the eIF2α-binding pocket. The 

individual subunits are labeled and color-coded. Only one each of the eIF2Bα, -β, and -δ 
subunits are visible. (B) Model for the eIF2B·eIF2-GDP complex in an extended 

conformation from ref 45 (top). eIF2 subunits are shown as ribbons. The side chain of S51 in 

eIF2α is colored blue. GDP is colored red. Model of the eIF2B·apo-eIF2 complex in a 

closed conformation from ref 45 (bottom). Only the position of eIF2α-NTD is changed: it 

now contacts eIF2α-CTD and is near eIF2γ. The equilibrium between the GDP-bound and 

apo states of the eIF2B·eIF2 complex is shown schematically on the right.
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Figure 3. 
Thermodynamic description of the eIF2B catalytic cycle. (A) Thermodynamic description of 

the pathway of eIF2B-catalyzed recycling of eIF2-GDP to the TC and ribosome binding. 

Solid arrows indicate progression along the path, with steps labeled as follows: (I) 

displacement of eIF5 from eIF2-GDP by eIF2B, (II) eIF2B-promoted dissociation of GDP 

from eIF2, (III) binding of GTP to eIF2B-bound apo-eIF2, (IV) binding of Met-tRNAi to 

form the TC on eIF2B, and (V) displacement of eIF2B from the TC by eIF5. Dashed arrows 

represent steps off the main pathway. Red crosses mark steps that can be safely ignored 

because of either off rates being too slow on the time scale of translation or the equilibrium 

being shifted too far away from the product. Dissociation constants (KDs) are provided for 

each step and represent either experimentally determined values reported in the literature 

(black) or calculated (blue) or estimated (red) values based on thermodynamic coupling 

considerations (see Table 1). The ratios of KDs and resulting equilibria for the relevant steps 
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are shown in the table on the right. (B) Thermodynamic description of how phosphorylation 

blocks catalysis by inhibiting eIF2B-mediated nucleotide exchange. The color and overall 

scheme are identical to those presented in panel A. KDs affected by phosphorylation are 

underlined. Because the affinity of eIF2B for apo-eIF2(α-P) (reaction intermediate) is the 

same as that for eIF2(α-P)-GDP (substrate), the enzymatic driving force is removed and 

eIF2B has no effect on GDP dissociation. (C) Activation energies for nucleotide exchange 

on eIF2 when free, in the presence of eIF2B, and when phosphorylated.
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