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Ana Crespillo Casado 

The eIF2 phosphatase:  

characterization and modulation 

Abstract 

Cellular needs are fulfilled by the combined activity of functional proteins. 

Consequently, cells are equipped with a complex proteostatic network that controls 

protein production in response to cellular requisites. Thereby, protein synthesis is 

induced or attenuated depending on the particular cellular conditions.  

One of the mechanisms to control protein synthesis is the phosphorylation of eIF2, 

which triggers the so-called Integrated Stress Response (ISR). Kinases that sense 

stresses induce the phosphorylation of eIF2, which, on the one hand, attenuates 

global rates of protein synthesis and, on the other hand, activates the expression of 

specific proteins that help to alleviate the stress. One of the proteins preferentially 

expressed during the ISR is PPP1R15A, a regulatory subunit of Protein 

Phosphatase 1 (PP1). The PP1/PPP1R15A holophosphatase dephosphorylates eIF2 

and terminates the ISR once the stresses are resolved. Hence, eIF2 kinases and 

phosphatases work together to control levels of phosphorylated eIF2. 

Maintaining the right balance between the activity of these kinases and 

phosphatases is important, as is seen by the correlation between their perturbance 

and the appearance of certain cellular malfunctions or diseases. However, affecting 

this balance has been also suggested to have beneficial effects. For example, genetic 

interference with the PPP1R15A regulatory subunit is proposed to confer protection 

to mice and cells under ER-stress conditions. This observation led to the search for 

compounds with the ability to modulate the ISR, in particular, by acting on the eIF2 

phosphatases.  

Three compounds (Salubrinal, Guanabenz and Sephin1) have been proposed as eIF2 

phosphatase inhibitors with potential use as therapeutic tools in protein misfolding 

diseases. However, their precise mechanism of action and their direct effect on the 

enzyme remains an open question.  
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This thesis focuses on the in vitro reconstitution of the eIF2 phosphatase, which 

served as a platform for characterizing the enzyme (in terms of its structure, activity 

and assembly) and for studying the proposed inhibitors. This report details key 

structural features of the PPP1R15/PP1 holophosphatase, the discovery of a cellular 

cofactor of the enzyme and the conclusions obtained after analysing the effect of its 

proposed inhibitors. It also includes the development of several in vitro assays, 

which could potentially be used to screen libraries of compounds in search for 

modulators of the enzyme.  
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Chapter 1 . Introduction 

Many cellular functions are accomplished by the finely orchestrated activity of their 

proteins. Thus, cells are required to constantly synthesize new proteins that must 

be properly folded, modified, assembled and relocated in order to perform their 

roles. Maintenance of this protein homeostasis is an energetically costly process 

achieved by a proteostasis network, which involves numerous signal transduction 

pathways as well as active chaperones (for appropriate protein folding) and a wide 

range of enzymes (that assist in the production and degradation of proteins). 

Together, they help to produce proteins when needed or to attenuate their synthesis 

when, for example, protein misfolding or proteotoxicity occurs (Roth and Balch, 

2011).  

This proteostasis network responds to cellular signals (such as those triggered by 

environmental or developmental changes) and modulates the protein production 

according to cellular needs. Therefore, cells have evolved tools to regulate the rate 

of protein synthesis, attenuating it when resources are limited or when proteostasis 

networks are strained, and restoring it when the stressful conditions are resolved 

(Morimoto and Cuervo, 2014).  

A highly conserved mechanism to regulate rates of protein synthesis involves the 

phosphorylation of the eukaryotic translation initiation factor 2 (eIF2). This 

phosphorylation occurs when specific kinases are activated by stressful conditions 

(Donnelly et al., 2013; Ron and Harding, 2007): the PKR-like endoplasmic reticulum 

kinase (PERK) senses unfolded proteins (Harding et al., 2000b); Protein kinase RNA-

activated (PKR) responds to viral infections (Kumar et al., 1999); General control 

non de-repressible 2 (GCN2) is activated by nutrient deprivation and UV irradiation 

(Dever et al., 1992); and heme deprivation and oxidative stress are sensed by heme-

regulated eIF2α kinase (HRI) (Chen, J-J and London, 1995). Hence, activation of 

these four kinases upon different stresses induces the phosphorylation of eIF2, 

which activates a cellular response that produces, among other events, changes in 

rate of protein synthesis.  

This cellular response triggered upon eIF2 phosphorylation is known as the 

Integrated Stress response (ISR), due to the convergence of cellular responses from 
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a variety of stresses in a single event: the phosphorylation of residue Serine51 in the 

alpha subunit of the heterotrimeric (α, β and γ) eIF2 complex (Harding et al., 2003). 

1.1 The Integrated Stress Response 

The ISR, activated upon phosphorylation of eIF2 as a consequence of stressful 

conditions, induces changes in protein translation that, in turn, triggers a gene 

expression reprogramming that helps cells to cope with stress (Figure 1.1).  

 

Figure 1.1. The Integrated Stress Response (ISR)  

Four different kinases (PERK, GCN2, PKR and HRI) are activated upon four different stresses (ER stress, 

amino acid deprivation, virus infections and heme deficiency, respectively), and their activation triggers 

the phosphorylation of Serine51 in the alpha subunit of the eukaryotic translation initiation factor, eIF2. 

This phosphorylation inhibits the guanine exchange activity of eIF2B and induces attenuation of global 

protein synthesis. At the same time, the translation of the mRNA of some genes (as transcription factors 

ATF4 and CHOP) is activated to help the cell cope with stress. The increased translation of these ISR genes 

induces a new gene expression reprogramming, which has consequences in essential cellular functions like 

ER stress, immunity, metabolism or memory and cognition. The activation of ATF4 and CHOP induces 

the translation of several proteins; one of them is PPP1R15A, a regulatory subunit of the phosphatase PP1. 

The stress-induced regulatory subunit PPP1R15A and the constitutively present regulatory subunit 

PPP1R15B bind to the phosphatase PP1 and dephosphorylate eIF2, to restore cellular conditions (by 

preventing the inhibition of eIF2B), and terminate with the ISR.  

The phosphorylation of eIF2 by its specific kinases has a direct effect on protein 

translation initiation. An early step required for protein translation initiation is the 

formation of a complex between the initiator methionyl-transfer RNA (Met–tRNAi), 

the 40S ribosomal subunit and GTP-bound eIF2 (the so-called 43S complex). Once 
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the 43S complex is formed, it binds to mRNA and scans it in a 5´ to 3´direction in 

search for an initiation, AUG, codon. The recognition of an AUG codon induces the 

joining of the 60S ribosomal subunit to the complex with a concomitant hydrolysis 

of GTP to GDP on eIF2. Then, the GDP-bound eIF2 is dissociated, and the 80S 

complex (40S and 60S ribosomal subunits) can start the elongation process (Poulin 

and Sonenberg, 2000). In order to enter a new round of protein translation 

initiation, the GDP on eIF2 needs to be exchanged for GTP, a reaction catalysed by 

the guanine-nucleotide exchange factor, eIF2B (Figure 1.2A).  

Whilst the precise mechanism remains to be determined, when eIF2 is 

phosphorylated it forms a relatively stable inhibitory complex with eIF2B, and, as a 

consequence, the GDP to GTP exchange reaction is inhibited (Figure 1.2B). Given the 

abundance of eIF2 compared to eIF2B, only a fraction of eIF2 needs to be 

phosphorylated to inhibit the GDP to GTP exchange process. Therefore, activation of 

just one of the kinases upon any given stress leads to sufficient phosphorylated eIF2 

to attenuate the activity of the guanine exchange factor, eIF2B, and to prevent 

translation initiation of most proteins. By this mechanism, various stresses induce 

eIF2 phosphorylation and attenuate the global rate of protein synthesis (Salimans 

et al., 1984; Kaufman et al., 2002).  
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Figure 1.2. Effect of eIF2 phosphorylation in protein translation initiation.  

(A) Cartoon representation of protein translation initiation in which the eukaryotic translation initiation 

factor is represented in green (with alpha, beta and gamma subunits), the ribosomal subunits are depicted 

as yellow globular proteins (40S and 60S) and the guanine exchange factor (eIF2B) is shown in purple. The 

red line represents the mRNA with an AUG codon highlighted in blue and the protein synthesised from it 

is shown in coloured circles. In non-stress conditions, GTP-bound eIF2 binds the initiator methionyl tRNA 

and the 40S ribosomal subunit, and this complex scans the mRNA in search for a starting AUG codon. 

Once the AUG codon is found, the 60S ribosomal subunit binds, with a concomitant GTP to GDP hydrolysis 

and dissociation of GDP-bound eIF2. The 40S and 60S ribosomal subunits continue protein translation 

elongation. Simultaneously, the guanine exchange factor, eIF2B, restores the GTP-bound eIF2, which can 

enter a new cycle of protein translation initiation. (B) In stressed conditions, the phosphorylation of eIF2 

in the alpha subunit inhibits the guanine exchange activity of eIF2B and, therefore, the initiation of protein 

translation is attenuated.  

The global attenuation of protein synthesis during the ISR allows cells to preserve 

energy and nutrients during stress conditions. However, at the same time, there is 

expression activation of certain genes that help to alleviate the damage caused by 

the particular stress. Thus, under stress conditions, the translational machinery of 

the cell is focused on producing proteins that assist in the cell recovery and survival. 

One of the transcripts preferentially translated during the ISR corresponds to the 

Activating transcription Factor 4 (ATF4) (Harding et al., 2000a). Elevated levels of 

ATF4 trigger the expression of other proteins like CCAAT-enhancer-binding protein 

homologous protein (CHOP)(Jiang et al., 2004; Palam, et al., 2011), proposed to be 

implicated in the activation of several stress-related responses ranging from 
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immunity to apoptosis (Nishitoh, 2012); and the stress-inducible protein 

phosphatase 1 regulatory subunit 15A (PPP1R15A), also called growth arrest and 

DNA damage gene 34 (GADD34) (Ma and Hendershot, 2003; Novoa et al., 2001).  

Various mechanisms have been proposed to explain the role of eIF2 

phosphorylation in regulating the translation of specific mRNAs. The explanation for 

the enhancement of translation of these specific mRNAs is provided by the presence 

of upstream Open Reading Frames (uORFs) within their sequence. In the case of 

ATF4 mRNA, in non-stressed conditions, the 40S ribosomal subunit would remain 

bound to the mRNA after translation of ATF4 at uORF1 and would rapidly reacquire 

eIF2-GTP-Met-tRNA ternary complexes (as these are abundant). The rapid 

reacquisition of GTP-bound eIF2 would favour translation initiation at the inhibitory 

uORF2, which would cause ribosome dissociation and translation termination, 

without translation of the ATF4 gene coding sequence. In stressed conditions, the 

inhibition of the guanine-exchange factor eIF2B by phosphorylated eIF2 lowers the 

concentration of ternary complexes in the cell. Therefore, some 40S ribosomal 

subunits scanning the mRNA of ATF4 fail to re-acquire a ternary complex in time to 

initiate at the inhibitory uORF2. However, with some probability, the 40S ribosomal 

subunits acquire a ternary complex in time to initiate translation at the ATF4 CDS, 

leading to the production of an active transcription factor (Figure 1.3A) (Lu et al., 

2004; Vattem and Wek, 2004).  

In the case of CHOP mRNA, it has been proposed that the presence of an Ile-Phe-Ile 

sequence in its uORF causes ribosome stalling, attenuating CHOP translation under 

basal conditions. Under stress conditions, bypass of this sequence due to the 

reduced acquisition of GTP-bound eIF2 and the poor start codon recognition 

context, would promote translation of the CHOP mRNA CDS (Figure 1.3B). 

In PPP1R15A mRNA, it has been reported that the uORF2 (translated under non-

stress conditions) stops the translation of its CDS due, mainly, to the inhibitory Pro-

Pro-Gly sequence juxtaposed to the termination codon, which drives ribosome 

release from the RNA. When there are high levels of phosphorylated eIF2, the 40S 

ribosomal subunit would bypass the uORF2 due to the moderate Kozak consensus 

region and start translation at the CDS (Figure 1.3C) (Young et al., 2015). 
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Figure 1.3. Increased protein translation during the ISR in uORFs-containing mRNAs.  

(A) Cartoon representation of ATF4 mRNA (brown line) with its upstream open reading frames (uORFs) 

depicted as blue squares and the CDS represented by a white square. The orange coloured 40S ribosomal 

subunit represents a competent 40S ribosomal subunit, loaded with GTP-bound eIF2. Under no stress 

conditions, the 40S ribosomal subunit finishes translation at uORF1 and remains bound to the mRNA, 

resuming protein translation at uORF2 after rapid acquisition of GTP-bound eIF2. This inhibitory uORF2 

triggers ribosome termination and dissociation. In stressed conditions, the low availability of GTP-bound 

eIF2 allows the 40S ribosomal subunit to go pass the beginning of uORF2 before becoming a competent 

subunit and thus, starts translation at the CDS. (B) As in “A”, but the mRNA of CHOP. The uORF contains 

a poor start codon context, which is recognised in no stress conditions, due to the high levels of GTP-bound 

eIF2 and yields in ribosomal stalling after an Ile-Phe-Ile sequence. In stressed conditions, there are less 

competent 40S ribosomal subunits able to recognise the start codon in uORF, triggering translation at the 

CDS. (C) As in “A” but the mRNA of PPP1R15A. In no stress conditions, the 40S ribosomal subunit 

bypasses uORF1 due to poor start codon context but start in uORF2, which results in ribosomal release 

from the mRNA. Under stress conditions, the moderate Kozak consensus region of uORF2 is bypassed by 

the 40S ribosomal subunit that starts translation at the CDS.  

The transcriptional and translational upregulation of PPP1R15A levels, as a 

consequence of eIF2 phosphorylation, is an important event during the ISR. This 

protein is a regulatory subunit of the protein phosphatase 1 (PP1), the catalytic 

subunit that dephosphorylates eIF2. Therefore, the induction of PPP1R15A acts as a 
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feedback loop to terminate the ISR (Ma and Hendershot, 2003; Novoa et al., 2001). 

Under non stress conditions, PP1 also forms a phosphatase complex with the 

constitutive reverter of eIF2 phosphorylation (CREP or PPP1R15B), a regulatory 

subunit constitutively present in the cell but at relatively low levels (Jousse et al., 

2003). Thus, both PPP1R15A and PPP1R15B bind to the catalytic subunit PP1 to 

form phosphatase complexes that dephosphorylate eIF2 (Figure 1.1). 

The stresses that cause activation of the ISR can also induce other cellular pathways. 

In the case of stress arising from unfolded secreted proteins, the Integrated Stress 

Response serves as one strand of the Unfolded Protein Response (UPR) that is 

stimulated upon endoplasmic reticulum (ER) stress. ER stress caused by 

accumulation of misfolded proteins in this cellular compartment activates the eIF2 

kinase PERK to induce the ISR but, simultaneously, two other ER sensors are also 

activated: Activated Transcription Factor 6 (ATF6), which is cleaved and 

translocated to the nucleus; and inositol-requiring protein 1 (IRE-1) that promotes 

splicing of XBP1-mRNA. Together, the activation of these ER sensors induces a gene 

expression reprogramming to control the damage caused by ER stress. During the 

UPR, in addition to the effects derived from the ISR induction, there is upregulation 

of the expression of genes encoding ER chaperones and proteins that enhance lipid 

synthesis (Figure 1.4) (Ron and Walter, 2007). 

 

Figure 1.4. The Unfolded Protein Response (UPR) 

Conditions of stress in the endoplasmic reticulum (ER stress conditions) activate three ER sensors: PERK, 

IRE1 and ATF6. PERK activates the ISR by phosphorylating eIF2 and induces ATF4 and CHOP. IRE1 

activation triggers the splicing of XBP1 mRNA, creating a transcription factor that induces expression of 

chaperones and lipid synthesis. ATF6 activation drives its cleavage and later translocation to the nucleus, 

where it activates transcription of chaperones and XBP1. By these mechanisms, the ER stress is resolved 

after induction of UPR genes that improve the cellular condition.  
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Given the interconnected nature of cellular signalling pathways, different stresses 

activate not only the ISR but also many other cellular responses. Thus, the effects of 

the ISR activation have to be considered as part of a whole cellular context. However, 

despite being part of broader and diverse cellular response, the regulation of the ISR 

makes a distinct, non-redundant contribution to regulation of protein synthesis and 

gene expression. Therefore, the fine balance between the activity of kinases and 

phosphatases that phosphorylate and dephosphorylate eIF2 modulate a variety of 

essential cellular functions (Pakos‐Zebrucka et al., 2016; Rzymski et al., 2009; Vij et 

al., 2008). 

1.1.1 Perturbations of the ISR 

The consequences of genetic ablation of different components of the ISR reveal the 

modulation of essential cellular functions by this conserved pathway. Perturbing 

either the kinases or the phosphatases that act on eIF2 has been shown to have 

detrimental effects. For example, in reference to perturbations that affect the eIF2 

kinases: PERK-/- cells have reduced survival in response to ER stress (Harding et al., 

2000b) and PERK-/- mice develop pancreatic dysfunctions (Harding et al., 2001); the 

prenatal and neonatal mortality of GCN2-/- mice is increased under amino acid 

deprivation conditions (Zhang et al., 2002); and HRI-/- mice have impaired erythroid 

lineage under iron-deficiency conditions (Han et al., 2001). The same detrimental 

consequences are observed when the perturbations occur at the level of the 

phosphatases, in particular by interfering with the regulatory subunits (to be 

discussed in detail below): CREP deletion (PPP1R15B-/-) in mice leads to pale 

animals that have reduced size and do not survive the first day of postnatal life 

(Harding et al., 2009).  

These findings correlate with the association of diseases caused by perturbations in 

the ISR. For example, mutations in the kinase PERK cause a neonatal form of 

diabetes known as Wolcott-Rallison syndrome (Brickwood et al., 2003); there is an 

increased level of PKR kinase in patients with Alzheimer’s disease (Mouton-Liger et 

al., 2012); and a mutation in CREP causes a syndrome that includes diabetes, short 

stature and microcephaly (Abdulkarim et al., 2015).  

On the other hand, manipulation of the ISR has been shown to be beneficial in some 

circumstances. CHOP-/- mice have decreased cell death in kidney under ER stress 



27 
 

conditions (Zinszner et al., 1998); same effect is observed in mice deficient in 

PPP1R15A (GADD34) (Marciniak, 2004); and genetic removal of PERK in animal 

models of mammary carcinoma reduces tumour growth and cell expansion 

(Bobrovnikova-Marjon et al., 2010). 

The different outcomes derived from the manipulation of the ISR, by either its 

activation (through genetic interfering with the eIF2 dephosphorylation) or its 

inactivation (through interfering with the upstream kinases), showcases the 

complexity of the network and the need to understand the cellular context in which 

they occur. For example, the stresses that promote the activation of the ISR typically 

have finite duration, and the induction of PPP1R15A (GADD34) helps terminate 

signalling in the ISR and restores cellular conditions. However, under conditions of 

prolonged unfolded protein accumulation, it is proposed that the genetic removal of 

Ppp1r15a (or the upstream CHOP) decreases the protein load in the ER (as there is 

more phosphorylated eIF2 and less protein translation), creating a beneficial 

environment and protecting the stress-exposed cells (Marciniak, 2004).  

1.1.2 Chemical modulation of the ISR 

The correlation between an ISR imbalance and the development of certain diseases, 

as well as the diverse outcomes obtained after genetic manipulation of the ISR, has 

ignited great interest in the scientific community. Over recent years, efforts have 

been made to develop tools that could manipulate the ISR in a controlled manner. In 

particular, chemical compounds have been developed to target different 

components of the ISR (to enhance or attenuate signalling, depending on the specific 

cellular context being studied). A wide range of studies propose a potential 

therapeutic use of the ISR modulators in a variety of disorders, such as 

cardiovascular diseases, cancer, neurodegenerative diseases or lung diseases 

(Hughes and Mallucci, 2018; Pakos‐Zebrucka et al., 2016; Santos-Ribeiro et al., 2018; 

Van’t Wout et al., 2014). 

The ISR modulators found up to date can be classified as ISR-repressors, those that 

reduce eIF2 phosphorylation or the consequences of it, and ISR-activators, which do 

the opposite (Figure 1.5).  
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Figure 1.5. Examples of ISR modulators 

Cartoon depicting the components of the ISR with examples of ISR modulators. Those shown in red squares 

are ISR inhibitors, like GSK20606414 or GSK2656157 (inhibitors of the kinase PERK) or ISRIB (binding 

molecule of eIF2B). Those shown in green squares are ISR activators, like CCT020312 (activator of the 

kinase PERK) or Salubrinal, Guanabenz and Sephin1 (inhibitors of the eIF2 phosphatase) 

Among the ISR-repressors, kinase inhibitors are a direct example. These compounds 

would attenuate the activation of the kinases in stress conditions and prevent the 

induction of the ISR (Figure 1.5, red squares). Two compounds, GSK2606414 and 

GSK2656157, have been suggested as inhibitors of the kinase PERK. These 

ISR-repressors are proposed to trap PERK in an inactive state, prevent its auto-

phosphorylation and thereby, reverse the normal translation attenuation observed 

in response to ER stress (Axten et al., 2012; Harding et al., 2012). These PERK 

inhibitors have been reported to reduce growth in pancreatic human BxPC3 

tumours, suggesting their utility as anti-cancer drugs (Axten et al., 2012, 2013).  

A compound named Integrated Stress Response Inhibitor (ISRIB) is another 

example of ISR-repressor. ISRIB was found in a screen for compounds that attenuate 

the normally observed PERK-mediated ER-stress activation of an ATF4 gene 

reporter (Sidrauski et al., 2013). However, ISRIB does not act at the level of PERK, 

instead it binds to the guanine exchange factor complex eIF2B (Sekine et al., 2015; 

Tsai et al., 2018; Zyryanova et al., 2018), attenuating its inhibition by 
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phosphorylated eIF2 and thereby, preventing the attenuation of global synthesis 

normally triggered during the ISR (Di Prisco et al., 2014; Sidrauski et al., 2015). 

Although the specific mechanism by which ISRIB inhibits eIF2B is not fully 

understood (it has been proposed to induce either complex disassembly or 

conformational changes in the protein complex) (Tsai et al., 2018; Zyryanova et al., 

2018) this compound has been reported to have beneficial effects in mice models of 

neurodegeneration (Halliday et al., 2015) and in mice that suffered from traumatic 

brain injury (Chou et al., 2017). 

The other class of ISR-modulators are the ISR-enhancers, which would promote the 

phosphorylation of eIF2. To that end, these compounds could either activate any one 

of the four kinases or inhibit the phosphatases of eIF2 (Figure 1.5, green squares). 

CCT020312 has been proposed as a direct PERK activator that, by promoting eIF2 

phosphorylation, activates the G1/S checkpoint control and can be used as a 

sensitizer in combination with other drugs to treat resistant cancers (Stockwell et 

al., 2012). Other proposed ISR-enhancers are believed to function as inhibitors of 

the eIF2 phosphatase: Salubrinal, Guanabenz and Sephin1. These compounds have 

been reported as exerting beneficial actions when used in animal models of protein 

misfolding disease and during viral infections (Boyce et al., 2005; Das et al., 2015; 

Tsaytler et al, 2011).  

The peculiarity of these compounds (Salubrinal, Guanabenz and Sephin1) lies in the 

nature of their proposed ISR target, the eIF2 phosphatase, composed of the catalytic 

PP1 subunit and the PPP1R15A or PPP1R15B regulatory subunits. This catalytic 

subunit dephosphorylates not only eIF2 but also other substrates within the cell, 

and its specific activity towards these is achieved through the formation of 

holophosphatase complexes with various available regulatory subunits (Bollen et 

al., 2010). Thus, in order to affect only the dephosphorylation of eIF2, these 

inhibitors would need to specifically target the eIF2-specific PP1 holophosphatase 

complexes without interfering with other PP1-containing complexes that 

dephosphorylate other substrates and control other PP1-mediated functions in the 

cell.  
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1.2 The eIF2 phosphatase 

The dephosphorylation of eIF2 is catalysed by a holophosphatase complex 

constituted of two known components: a catalytic subunit and a regulatory subunit. 

The catalytic subunit is the protein phosphatase 1, PP1, which can bind two different 

regulatory subunits to promote the eIF2 dephosphorylation. As noted above, one of 

these regulatory subunits, PPP1R15A or GADD34, is induced during the ISR and acts 

as a negative feedback loop necessary for the termination of the ISR. The other 

regulatory subunit, PPP1R15B or CREP, is constitutively present in the cell and 

presumably regulates the phosphorylated levels of eIF2 during non-stress 

conditions, when PPP1R15A levels are low (Jousse et al., 2003; Ma and Hendershot, 

2003; Novoa et al., 2001).  

1.2.1 Protein Phosphatase 1 

Protein phosphatase 1 is a Serine / Threonine phosphatase that belongs to the 

phosphoprotein phosphatase (PPP) superfamily. PP1 is a highly conserved protein 

(~70% identity in eukaryotes) and, in humans, three genes encode for four different 

catalytic PP1 subunits, known as PP1α, PP1β, and the splice variants PP1γ1 and 

PP1γ2. These isoforms share ~90% identity and differ only in their very N-terminal 

and C-terminal regions (Figure 1.6) (Gibbons et al., 2007; Verbinnen et al., 2017). 

 

Figure 1.6. Sequence alignment of human PP1 isoforms. 
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Sequence alignment of human PP1α (UNIPROT: P62136), PP1β (UNIPROT: P62140) and PP1γ, splice 

variant 1 (UNIPROT: P36873). Asterisks and orange shade represent conserved residues. Alignment was 

done with ClustalW tool from MacVector. 

PP1 contributes as a catalytic subunit to many dephosphorylation events, involving 

many different substrates in the cell, and thereby regulates diverse cellular 

processes, such as cell-cycle progression, neuronal signalling and protein synthesis 

(Aggen et al., 2000). Although some substrates are believed to interact with the PP1 

catalytic subunit to form stable complexes (Winter et al., 2007), apo-PP1 is unable 

to recognise and interact specifically with the majority of its substrates. Thus, the 

direction of the PP1 phosphatase activity towards the different phosphorylated 

substrates is provided by the formation of holophosphatase complexes between the 

few common PP1 catalytic subunits and many different PP1-interacting proteins 

(PIP, or regulatory subunits) (Bollen et al., 2010; Watanabe et al., 2001).  
There are close to 200 identified PIPs, which allow the generation of a diverse set of 

PP1 holophosphatases (Hendrickx et al., 2009). The formation of such varied 

phosphatase complexes relies on the structural properties of the PP1 surface and 

the ability of the different PIPs to bind to it. Specifically, the PIPs contain PP1 

anchoring domains in their sequence (disordered regions of 40-60 residues) that fit 

on the grooves that PP1 has on its surface. The complementarity between certain 

PP1 anchoring domains of the PIPs and specific PP1 indentations defines the 

particular interactions that each regulatory subunit makes with the surface of the 

catalytic subunit (Figure 1.7 and Figure 1.8)(Bollen et al., 2010; Heroes et al., 2013). 

Some PP1-anchoring domains are shared amongst many PIPs, such as the RVxF 

motif shared by 70% of PP1 regulatory subunits, whereas others are less abundant, 

such as the SILK or MyPhoNE motifs. The hydrophobic, acidic and C-terminal 

grooves of PP1 are involved in substrate accommodation (Goldberg et al., 1995), but 

even these regions of the PP1 surface can function as binding sites for certain 

regulatory subunits, to provide substrate specificity (Ragusa et al., 2010).  
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Figure 1.7. PP1 structure 

Picture from (Bollen et al., 2010).Cartoon surface representation of PP1α (PDB: 1FJM) in views showing 

the active site (A) and a 130-degree rotated view (B). Highlighted are the metals in the active site (pink 

spheres) and different grooves on its surface: the hydrophobic (blue), the acidic (orange), the C-terminal 

(red) as well as the PP1-docking motif RVxF (purple), SILK (cyan) and MyPhoNE (cream).  

 

Figure 1.8.  PP1 binding to different PIPs 

Picture from (Bollen et al., 2010).Cartoon depicting the binding of PP1 (in blue surface representation) to 

different PIPs (as pink ribbons): spinophilin with PP1α (PDB: 3EGG) in (A), MYPT1 with PP1β (PDB: 

1S70) in (B) and inhibitor-2 with PP1γ (PDB: 2O8A) in (C). Shown are views from the active site (upper 

panels) and 100-degree rotated views (lower panels).. 

Therefore, the mode of interaction between PIPs and PP1 is based on the existence 

of numerous conserved PP1-anchoring domains in the PIPs. The large number and 

the possible permutations of these anchoring domains gave rise to the so-called 

“PP1 binding code”. This code is described as specific (the PP1-anchoring domains 

are selective for this phosphatase and do not bind to other PPP family proteins), 

universal (evolutionary conserved among eukaryotes), degenerate (small changes 

in the PP1-anchoring domains preserve the PP1 binding capacity) non-exclusive 
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(two PIPs can bind simultaneously) and dynamic (the different PIPs compete for the 

available cellular pool of PP1)(Heroes et al., 2013). 

The abundance of PIPs relative to the amount of free PP1 and their high affinity for 

the catalytic subunit (Kd = ~5 -200 nM) causes competition for limiting amounts of 

free, non-complexed PP1 in cells (Verbinnen et al., 2017). Moreover, the formation 

of this diverse set of holophosphatase complexes (by the binding of numerous 

regulatory subunits to a reduced amount of phosphatase catalytic subunits) is 

believed to allow the cell to regulate the phosphoproteome by the expression of only 

~40 genes encoding for phosphatase catalytic subunits compared to the ~420 genes 

that encode for kinases. 

Different mechanisms have been proposed to explain how these PIPs provide PP1 

with substrate specificity. For example, some are thought to bind to PP1 and its 

particular substrate to facilitate the formation of an enzyme-substrate complex, like 

the regulatory Nuclear inhibitor of protein phosphatase-1 (NIPP1) which, despite 

its name, has not been proposed to inhibit but rather to enhance the 

dephosphorylation of the spliceosome-associated protein 155 (Sap155) by 

associating with it (Tanuma et al., 2008). The binding between PP1 and other 

regulatory subunits, like spinophilin, has been reported to create a new 

environment on the substrate-binding site of PP1, directing the preferential 

dephosphorylation of proteins that can be accommodated in this new binding region 

(Figure 1.8A)(Ragusa et al., 2010). A different mechanism by which regulatory 

subunits can create new substrate binding sites is the one reported for MYPT1 

(Figure 1.8B); eight tandem ankyrin repeats in the sequence of this regulatory 

subunit interact with the C-terminal extension of PP1 and this is proposed to extend 

the substrate-binding acidic groove (however, also the MyPhoNE motif in the N-

terminal domain of MYPT1 has been suggested to participate in positive selection of 

substrates) (Terrak et al. 2004). The mechanism suggested for other PIPS, like 

AKAP149, is to recruit the catalytic subunit to a specific subcellular compartment to 

bring it in close proximity with a specific subset of substrates and, in doing so, 

increase the local concentration of the desired substrate (Steen et al., 2000). 

Additionally, some regulatory subunits (known as PP1 inhibitors) are reported to 

bind to the active site of PP1 and thereby, prevent the dephosphorylation of 
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substrates under certain conditions; one example is Inhibitor-2 (Figure 1.8C) 

(Hurley et al., 2007).  

In summary, cells modulate the expression of a large number of PIPs which, by 

specific proposed mechanisms, direct the PP1 phosphatase activity towards 

different substrates and, by doing so, regulate many essential functions. One of these 

substrates, phosphorylated eIF2, requires the presence of the regulatory subunits 

PPP1R15A or PPP1R15B, and plays an essential role during the Integrated Stress 

Response.  

1.2.2 PPP1R15A and PPP1R15B regulatory subunits 

PPP1R15A protein, also called Growth arrest and DNA-damage gene 34, GADD34, 

received its name initially for being upregulated by growth arrest and DNA damage 

(Fornace et al., 1989; Zhan et al., 1994), long before the encoded protein’s function 

was ascertained.  

As part of the ISR, the phosphorylation of eIF2 induces the expression of the 

transcription factor CHOP (Harding et al., 2000a), and this can be indirectly 

measured by flow cytometry using cells that contain a CHOP::GFP reporter (a green 

fluorescence protein whose expression is driven by a CHOP-derived promotor) 

(Novoa et al., 2001). The link between PPP1R15A and its role in the ISR was found 

by screening a retroviral expression library in search for clones with cDNA inserts 

that had the ability to attenuate the stress-induced CHOP::GFP expression. Thus, 

overexpression of the cDNA corresponding to the C-terminal region of PPP1R15A 

was shown to reduce the stress-dependent CHOP::GFP expression (Novoa et al., 

2001).  

Herpes Simplex Viruses encode for a PP1 regulatory subunit that promotes eIF2 

dephosphorylation and has been proposed as a viral mechanism to evade the PKR 

kinase-mediated shutdown of host protein synthesis (induced upon viral infection) 

(He et al., 1996). The high homology between the protein sequence of the viral 

regulatory subunit and the C-terminal fragment of PPP1R15A (both containing the 

common RVxF PP1-anchoring domain) pointed at a similar function of the two 

proteins. In fact, overexpression of PPP1R15A decreases levels of phosphorylated 

eIF2α and reduces ATF4 induction, and this cellular effect is lost when the 
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overexpressed PPP1R15A mutants are deficient in binding PP1 (caused by a deleted 

or mutated RVxF motif) (Novoa et al., 2001).  

PPP1R15A functions as an effector during the ISR (decreasing levels of 

phosphorylated eIF2), but it is also an ISR target gene. Its expression has been 

shown to be dependent on the activation of the eIF2 kinases (Novoa et al., 2001, 

2003) as well as on the presence of ATF4 (Ma and Hendershot, 2003) and CHOP 

(Marciniak, 2004). Thus, the activation of the ISR induces PPP1R15A upregulation 

with a concomitant decrease in phosphorylated levels of eIF2 (and inactivation of 

the ISR). This feedback inhibitory loop, associated with PPP1R15A function, is 

thought to be important for the termination of the ISR once the stress conditions 

(that caused its activation) are over (Ma and Hendershot, 2003; Novoa et al., 2001). 

The role of PPP1R15A as an effector of the feedback inhibitory loop of the ISR is 

apparent when analysing the pattern of protein translation during this stress 

response. During the ISR, the rate of protein translation goes through three stages: 

before the ISR induction, proteins are translated at a normal rate; upon its 

activation, global protein synthesis is inhibited; and finally, this rate of protein 

synthesis is recovered. These three phases correlate with the phosphorylation 

status of eIF2 and with the induction of PPP1R15A. In fact, PPP1R15AΔC/ΔC cells 

(lacking the C-terminal PP1 interaction portion) (Novoa et al., 2003) as well as 

nullizygous PPP1R15A-/- cells (Kojima et al., 2003; Reid et al., 2016) have been 

shown to lack this biphasic profile of translation repression. Similar results are 

obtained from CHOP-/- and ATF4-/- cells, which have impaired PPP1R15A expression 

(Ma and Hendershot, 2003; Marciniak, 2004). 

As previously noted, overexpression of PPP1R15A has been reported to reduce the 

stress-dependent CHOP induction (Novoa et al., 2001) and, hence, the opposite 

effect would be expected from the genetic ablation of PPP1R15A. However, genetic 

perturbation of the Ppp1r15a locus has been shown to also decrease CHOP induction 

at early stages after imposition of the stress conditions (Kojima et al., 2003; Novoa 

et al., 2003), and this effect is recovered at later times (Reid et al., 2016). The 

sustained eIF2 phosphorylation and prolonged translation repression that occurs in 

PPP1R15A-deficient cells has been suggested as the cause for this phenomena: the 

exaggerated inhibition of general protein synthesis in PPP1R15A-deficient cells 
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affects also the activation of the ISR-induced expression program (Novoa et al., 

2001). An alternative mechanism to explain this observation, such as reduction in 

transcription of the mRNA encoding these ISR-induced proteins, has been discarded 

due to the fact that mRNA levels of these ISR-induced proteins (CHOP and ATF4) 

have been shown to be unaltered in PPP1R15A-/- cells compared to wild-type cells 

(Reid et al., 2016). 

The residual dephosphorylation rates of eIF2 in PPP1R15AΔC/ΔC cells suggested the 

existence of other PP1 regulatory subunit involved in eIF2 dephosphorylation. 

Similar to PPP1R15A, transduction of CHOP::GFP cells with the cDNA corresponding 

to PPP1R15B repressed the stress-induced CHOP::GFP reporter activation. 

However, unlike PPP1R15A that is stress-induced, the PPP1R15B protein is 

constitutively expressed, and given its activity in eIF2 dephosphorylation, was 

named CReP (Constitutive Repressor of eIF2α Phosphorylation) (Jousse et al., 2003) 

In mammals, these PPP1R15A and B regulatory subunits are long proteins of 

600-700 amino acids but only share a conserved ~70-residue stretch in their 

C-terminal region. This region is encoded by a separate exon and the protein 

sequence is conserved not only between PPP1R15A and PPP1R15B, but also (as 

previously mentioned) among other distant species, like viruses (Figure 1.9). This 

C-terminal region of PPP1R15A and PPP1R15B contains a conserved PP1-anchoring 

domain, (RVxF motif) that mediates the interaction with the catalytic subunit. 

Interestingly, this region appears to be the minimal active fragment necessary for 

the ability of these proteins, when overexpressed, to inhibit the ISR (Jousse et al., 

2003; Novoa et al., 2001). 

 

Figure 1.9. The conserved region of the PPP1R15 family.  
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Cartoon representation of the different domains of mammalian and viral PPP1R15 proteins. The N-terminal 

membrane-interaction domain is shown by a grey rectangle, the PPP1R15A specific repeats are depicted 

by a striped rectangle and the green rectangle represents the C-terminal conserved functional domain. 
The function of the less conserved N-terminal extension of these proteins is not as 

well characterized as the C-terminal region, but some roles have been assigned to it. 

The N-terminal region of PPP1R15A has been reported to regulate the localization 

of the regulatory subunit to different cellular compartments such as the ER, 

mitochondria and the cytosol and, hence, the recruitment of the catalytic subunit 

(specifically PP1α) to these cellular compartments (Brush et al., 2003; Zhou et al., 

2011). The N-terminal region of PPP1R15A is also reported to contain a degron that 

promotes the rapid degradation of the regulatory subunit (half-life ~2 hours). This 

rapid proteasome-mediated degradation of PPP1R15A is proposed to be important 

in terminating the PPP1R15A-dependent ISR negative loop once the stress 

conditions are over (Brush and Shenolikar, 2008). 

Despite sharing the ability to promote the dephosphorylation of eIF2, the effects 

derived from the genetic manipulation of the Ppp1r15a or Ppp1r15b locus are very 

different. PPPR15A-/- mice seem indistinguishable from wild-type mice (Kojima et 

al., 2003) and show only impaired erythrocyte development during iron-deficiency 

diet (Patterson et al., 2006). However, interference with the Ppp1r15b gene in mice 

causes the formation of embryos that have a delay in growth and die only one day 

after birth (Harding et al., 2009). The differences in expression between the two 

proteins (constitutive for PPP1R15B and stress-induced for PPP1R15A) could 

explain the different outcomes resulting from their genetic perturbation. 

Additionally, targeting both PPP1R15 regulatory subunits impairs the development 

of embryonic mice, giving rise to pre-implantation lethality. This is consistent with 

a requirement of PPP1R15 activity to sustain translation rates, an essential cellular 

function. This impaired embryonic development of the PPP1R15A-/-/PPP1R15B-/- 

compound mutants is rescued by introducing a mutation in eIF2α that prevents its 

phosphorylation (Serine51 to Alanine)(Harding et al., 2009). Hence, at least during 

mice embryogenesis, both regulatory subunits have the essential function to 

dephosphorylate eIF2.  

Nonetheless, loss of PPP1R15A can be favourable in some specific contexts. It is 

believed that the beneficial effect of interfering with the PPP1R15A regulatory 
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subunit is based on the sustained eIF2 phosphorylation and the subsequent lower 

level of protein translation that occurs in the context of absent (PPPR15A-/-) or non-

functional PPP1R15A protein (PPP1R15AΔC/ΔC) compared to wild-type conditions.  

One example of a beneficial effect is observed in mice in which the PPP1R15A 

subunit lacks the conserved C-terminal region (and therefore, is deficient in the 

ability to contribute to the eIF2 dephosphorylation). The damage induced in murine 

renal epithelium after treatment with the ER stress inducer, tunicamycin, is 

attenuated in these PPP1R15AΔC/ΔC mice. Tunicamycin is an N-glycosylation 

inhibitor that induces glycoprotein misfolding in the ER (Varki et al., 2017). 

Therefore, treatment with tunicamycin induces protein misfolding with 

concomitant phosphorylation of eIF2. However, in PPP1R15AΔC/ΔC mice, sustained 

eIF2 phosphorylation is proposed to reduce the production of misfolded proteins 

and, consequently, the workload for the available chaperones (Marciniak, 2004).  

The same principle is believed to apply in the case of protein misfolding diseases, 

like Charcot-Marie-Tooth 1B. This neuropathy is caused by a mutation (deletion of 

Serine63) in an abundantly expressed myelin constituent secreted by Schawnn cells, 

called myelin protein zero (P0). The murine model of Charcot-Marie-Tooth 1B, the 

POS63del mice, show high levels of ER-stress (related to the accumulation of this 

misfolded protein in the ER), low myelination of sciatic nerves and impairment in 

mobility. These features were attenuated in mice carrying both the myelin protein 

zero mutation and a deletion of the C-terminal fragment of PPP1R15A (D’Antonio et 

al., 2013). These observations fit with the idea that the detrimental consequences 

derived from protein misfolding can be ameliorated by reducing their production. 

This can be achieved by sustaining eIF2 phosphorylation upon removal of the stress-

induced regulatory subunit PPP1R15A.  

The protective effects observed after genetic manipulation of PPP1R15A provided 

the motivation to find molecules that can modulate the eIF2 phosphatase and 

explore their suitability as therapeutic tools in protein misfolding diseases. 

1.3 Inhibition of the eIF2 phosphatase 

In theory, eIF2 dephosphorylation should be inhibited by two classes of compounds 

classified according to the phosphatase subunit that they target. The more 
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promiscuous compounds would be those that target the active site of the catalytic 

subunit of the phosphatase. The more specific ones would, however, target the 

specific holophosphatase complex formed when the regulatory subunits 

(PPP1R15A or PPP1R15B) bind the catalytic PP1 subunit. 

The marine toxins okadaic acid, tautomycin, microcystin and calyculin A can be 

highlighted among the inhibitors that target the PP1 catalytic subunit 

(Peti et al., 2013). These are relatively large non-ribosomally synthesized peptides 

(Pearson et al., 2010). Okadaic acid is a toxin produced by marine dinoflagellates 

that inhibits both PP1 (IC50 = 20 nM) and the closely related Protein Phosphatase 2 

(PP2) (IC50 = 0.2 nM) (Bialojan and Takai, 1988). This molecule binds in the 

hydrophobic groove of PP1, occluding the active site (Figure 1.10A) (Maynes et al., 

2001). Tautomycin is more specific for PP1 (IC50 = 1.24 nM) than for PP2 (IC50 = 10 

nM)(Gupta et al., 1997), and also binds both the active site and the hydrophobic 

groove of PP1 (Figure 1.10B)(Kelker et al., 2009). Microcystin is produced by 

cyanobacteria, and in its binding to the catalytic site, it coordinates with the metal 

ions (Figure 1.10C) (Dawson and Holmes, 1999; Goldberg et al., 1995). Calyculin A, 

produced by a marine sponge, shows similar activity in both PP1 and PP2 (Gupta et 

al., 1997) and it binds to the hydrophobic and acidic grooves of PP1 (Figure 

1.10D)(Kita et al., 2002). The ability of these compounds to bind to the active site of 

PP1 (and to PP2 due to the high similarity of the active site in both conserved 

phosphatase proteins) has a catastrophic effect at the cellular level due to the 

alteration of many essential dephosphorylation events. In fact, traces of these 

compounds can cause severe perturbations like diarrheic shellfish poisoning (by 

okadaic acid) or Barcoo fever (by microcystin), with symptoms including severe 

diarrhoea and vomiting (Dawson and Holmes, 1999). Therefore, these compounds, 

categorized as toxins, are not considered as drugs with potential therapeutic effects.  
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Figure 1.10.  Binding of PP1-inhibitors to the catalytic subunit. 

Cartoons depicting the binding of PP1 (grey surface representation) and some phosphatase inhibitors (blue 

stick representation) shown from the catalytic site view: in (A), okadaic acid (PDB: 1JK7); in (B), 

tautomycin (PDB: 3E7B); in (C), microcystin (PDB: 1FJM) and in (D), calyculin A (PDB: 1IT6). The pink 

spheres represent the metals of the active site. 

The compounds that target the catalytic subunit affect many cellular functions, due 

to the lack of intrinsic substrate specificity of PP1. Given that the specificity towards 

different substrates is attained upon binding of PP1 to specific regulatory subunits, 

these proteins are considered a better potential target to inhibit eIF2 

dephosphorylation (or any other specific dephosphorylation event, for that matter). 

Thus, the next compounds to be proposed as inhibitors of eIF2 dephosphorylation 

are those with the ability to modulate the PPP1R15A- or PPP1R15B-containing 

holophosphatase complexes. Three compounds have been proposed so far: 

Salubrinal, Guanabenz and Sephin1 (Figure 1.5 and Figure 1.11).  
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Figure 1.11.  Chemical structure of proposed eIF2 phosphatase inhibitors. 

Chemical structure of Salubrinal (A), Guanabenz (B) and Sephin1 (C). 

1.3.1 Salubrinal 

Salubrinal was found by screening ~19000 drug-like compounds from the National 

Cancer Institute’s (NCI) Structural Diversity set and Open Collections. Cells were 

treated with the ER stressor tunicamycin to compromise their cell viability and the 

screening consisted on measuring the ability of the different compounds to revert 

this ER-stress-induced cell death by a luminescence-based ATP assay (Figure 

1.11A). The reduction in cell viability induced by tunicamycin was partially reverted 

by Salubrinal in a concentration-dependent manner. It was further discovered that 

this compound can induce eIF2 phosphorylation (and the expression of the 

downstream CHOP target gene) even in the absence of any one of the four known 

eIF2 kinases (PERK, GCN2, HRI and PKR), suggesting that it is not acting by 

promoting conditions that specifically activate any one of these kinases. This effect 

on eIF2 phosphorylation was, however, dependent on PPP1R15A: the ability of 

overexpressed PPP1R15A to reduce the ER-stress-mediated induction of CHOP was 

blocked by Salubrinal treatment (Boyce et al., 2005).  

In trying to elucidate the biochemical mechanism of action, it was noted that 

Salubrinal alters the observed co-migration of PP1 and PPP1R15A in gel filtration 

analysis of cellular lysates. Furthermore, in vitro eIF2α dephosphorylation 

performed using lysates from cells overexpressing either PPP1R15B or PPP1R15A, 

was inhibited when the cells were treated with Salubrinal. This Salubrinal-induced 

inhibition of in vitro eIF2α dephosphorylation was also observed when the lysates 
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were obtained from cells infected with Herpes Simplex viruses. These viruses 

contain a protein analogue to PPP1R15, which binds to PP1 and reverses the eIF2 

phosphorylation induced by PKR during viral infection. These observations 

suggested that Salubrinal enhances eIF2 phosphorylation by acting on 

PPP1R15-related regulatory subunits (Boyce et al., 2005). However, treatment with 

Salubrinal appears to affect not only the phosphorylation of eIF2 but also other 

cellular substrates when proteomic analysis was performed (data mentioned by 

Boyce et al. but not shown). Also, in vitro evidence of the direct inhibitory effect that 

Salubrinal has on eIF2α dephosphorylation was not presented, as their in vitro 

dephosphorylation assays were done with cell lysates and can, then, be measuring 

the effect of the compound on the specific eIF2 phosphatase but also on other 

cellular components present. This suggests that the cellular effect of Salubrinal 

might not be fully elucidated.  

Despite a clear understanding of its mechanism of action, Salubrinal has been used 

in various mouse models of human diseases. One example is the mouse model of 

familial Amyotropic Lateral Sclerosis (FALS), in which mice carry a toxic 

gain-of-function mutation in the gene encoding for the superoxide dismutase-1 that 

causes the moto neuron disease. The administration of this drug in FALS mice 

improved their muscle force and survival (Saxena et al., 2009). Salubrinal is also 

proposed to exert benefits in a mouse model of Parkinson Disease caused by an 

aggregation-prone mutant α-synuclein protein (Colla et al., 2012). These findings 

are consistent with the beneficial effect of PPP1R15A´s inactivation discussed 

above: protection against diseases of protein misfolding by sustained eIF2 

phosphorylation.  

The use of Salubrinal, however, has not shown the expected outcome in some 

circumstances. In prion-infected mice, the accumulation of the misfolded proteins 

leads to the appearance of neurodegenerative disease symptoms. The condition of 

these mice improved by genetic ablation of PPP1R15A, but worsened by Salubrinal 

treatment (Moreno et al., 2012). Therefore, although Salubrinal may have a potential 

use as a drug to treat viral infections or protein misfolding diseases, the lack of a 

totally defined mechanism of action for this compound could result in unpredictable 

consequences during its use. 
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1.3.2 Guanabenz 

Guanabenz is an alpha 2-adrenoceptor agonist that was originally used as a drug to 

treat hypertension (Holmes et al., 1983). 

Guanabenz was found as a compound with the ability to cure yeast of prions, in a 

yeast-based anti-prion screen (Figure 1.11B). This screen relies on the detection of 

red-coloured yeast-colony formation that occurs when the effects derived from 

accumulation of prions are removed. In yeast models of prion diseases, the 

accumulation of the prion-like PSI protein sequesters the protein Sup35p in protein 

aggregates and inhibits its activity as an eukaryotic release factor during translation 

termination. This leads to extreme perturbation of the cell’s proteome (due to the 

continued translation of proteins after their normal stop codons) and to unusual 

translation of certain genes, like ADE1, which are not translated normally because 

they contain a stop codon in their ORFs. The translation of ADE1, allows yeast to 

grow in an adenine-deficient medium. When these prion-containing yeasts grow in 

adenine-deficient medium, they form white colonies, but if PSI aggregation doesn’t 

occur, Sup35p is not sequestered, ADE1 is not translated and the metabolic by-

products induce the formation of red colonies (Bach et al., 2003). A similar method 

was implemented for the detection of protein aggregation derived from the prion-

like protein URE3, that sequesters Ure2p, and its effect was engineered to affect the 

translation of ADE2 to have a similar readout (Bach et al., 2006). Guanabenz proved 

to have anti-prion activity both against PSI and URE3 prions, shown by its induction 

of red-colony formation, and Guanabenz was also reported to reduce the 

accumulation of prion-like proteins in mice overexpressing ovine PrP (Tribouillard-

Tanvier et al., 2008). 

Guanabenz, as Salubrinal, is reported to protect cells from ER-stress associated 

apoptosis, both in cells in which the ER-stress is induced by drugs (as tunicamycin) 

or induced by aggregation-prone mutant proteins (as cells transduced with 

lentiviruses encoding a misfolding-prone insulin variant)(Tsaytler et al., 2011).  

Only under stress conditions was Guanabenz reported to delay the normally 

observed recovery of protein translation inhibition, sustain eIF2α phosphorylation, 

and reduce CHOP expression. All these observations bore a resemblance to those 
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observed in PPP1R15A-deficient cells and made the authors consider this protein as 

the compound’s target (Tsaytler et al., 2011).  

Additionally, in immunoprecipitation assays that reported on the formation of 

eIF2-holophosphatase complexes, Guanabenz was shown to impair the binding of 

PPP1R15A and PP1 (but not PPP1R15B and PP1) in a concentration-dependent 

manner. The use of a biotinylated derivative of Guanabenz attached to neutravidin 

beads, was suggested to bind PPP1R15A but not PPP1R15B (Tsaytler et al., 2011). 

Moreover, treatments with Guanabenz decreased the cell viability of Ppp1r15b-/- 

MEFs (but not wild-type or PPP1R15A-deficient MEFs, even when Guanabenz was 

used at the same concentration), consistent with the observed lethal consequences 

of interfering with both regulatory subunits in mice (Harding et al., 2009). All these 

experiments supported the idea that the PP1/PPP1R15A protein complex is the 

cellular target of Guanabenz.  

The cytoprotective effect of Guanabenz to ER-stress conditions, described to be 

absent in PPP1R15A-deficient cells, was apparent at much lower concentrations of 

compound (~1 µM) than those that elicited disruption of the holophosphatase 

complex formation (totally inhibited at 50 µM). This observation was, according to 

the authors, due to the fact that inhibition of only a small fraction of PP1/PPP1R15A 

complexes by Guanabenz was sufficient to induce cytoprotection. However, 

although not considered in that study, it is likewise possible that the cytoprotective 

effect of Guanabenz derives from its simultaneous effect on other cellular target(s).  

Due to its proposed mechanism of action, Guanabenz has been studied as a potential 

therapeutic tool in human disease models. In the context of cardiovascular diseases, 

Guanabenz has been shown to increase the cell survival of rat cardiac myocytes 

subjected to ER stress conditions (Neuber et al., 2014). The effect of this drug has 

also been studied for the Bardet-Biedl syndrome, a disease characterized for 

inducing, among other symptoms, retinitis pigmentosa, obesity, renal dysfunction, 

hypogonadism and cognitive impairment. The impairment in retinal function, 

studied in mice model of this disease (in which proteins are accumulated in the ER), 

was reported to be restored by the use of Guanabenz (Mockel et al., 2012). 
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The increased cell viability showed after Guanabenz treatment of cells coping with 

an aggregation-prone insulin mutant, suggested its potential use for diabetes 

(Tsaytler et al., 2011). However, Guanabenz treatment has been reported to induce 

β-cell apoptosis and dysfunction, and hence brings into question the suitability of 

this drug for the treatment of diabetes (Abdulkarim et al., 2017). As previously 

mentioned for Salubrinal, the use of Guanabenz seems to have unpredictable and 

diverse consequences, which could be avoided by a deeper understanding and 

characterization of its mechanism of action.  

The use of Guanabenz is limited due not only to the uncertain variable outcomes 

derived from its use, but also to the activity of the drug as an α2-adrenergic receptor 

(Holmes et al., 1983). Given that the anti-prion activity of Guanabenz is affected by 

small changes in the chemical structure of the compound (Tribouillard-Tanvier et 

al., 2008), it has been attempted to remove the undesirable α2-adrenergic activity 

of Guanabenz through the development of derivatives (Nguyen et al., 2014).  

1.3.3 Sephin1 

Sephin1 is a Guanabenz derivative that is reported to retain the ISR-related activity 

of its predecessor whilst lacking the α2-adrenergic activity (Figure 1.11C). Similar 

to Guanabenz, Sephin1 is reported to disrupt complex formation between PP1 and 

PPP1R15A (but not PPP1R15B) and a biotinylated derivatized version of Sephin1 is 

shown to retain Guanabenz´s ability to bind to the PPP1R15A (but not PPP1R15B) 

regulatory subunit. Consistent with its proposed ability to interfere with PPP1R15A, 

during ER stress conditions, Sephin1 has been reported to prolong eIF2α 

phosphorylation. Additionally, Sephin1 protects cells from apoptotic effects induced 

upon ER-stress, only when the PPP1R15A protein is intact (Das et al., 2015). Hence, 

this new compound was termed Sephin1, for being proposed as the first Selective 

Phosphatase Inhibitor.  

Deletion of the Ppp1r15a gene in a mouse model of Charcot-Marie Tooth 1B (mice 

with a mutation in myelin protein zero that causes protein misfolding) has been 

shown to improve the condition of the mice (D’Antonio et al., 2013). Likewise, the 

use of Sephin1 in this mouse model was shown to prevent the motor defects, the 

deficient myelin thickness in sciatic nerves and the induction of ER-stress markers 

(Das et al., 2015); suggesting that the drug was mimicking the effect of the genetic 
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ablation of PPP1R15A. Similarly, the mouse model of Amyotrophic Lateral sclerosis 

(mice that carry a mutation in the superoxide dismutase 1 that causes ER stress), 

was reported to gain weight and improve motor abilities after Sephin1 treatment 

(Das et al., 2015). Therefore, Sephin1 (as its predecessor Guanabenz) has been 

reported to exert beneficial effects when used as a treatment in mouse models of 

protein misfolding diseases.  

However, the concordance between Sephin1 and Guanabenz in terms of their 

reported proteostatic effects in the contexts of ER stress, was not apparent in yeast. 

Unlike Guanabenz, compound PSI136 reported by Tribouillard-Tanvier et al. 

(identical to Sephin1) [(Tribouillard-Tanvier et al., 2008), Figure 3A] showed no 

activity in preventing the propagation of prions in yeast. Given the similarity 

between Guanabenz and PSI136/Sephin1, it seems unlikely that differences in 

compound uptake or extrusion by the yeast could explain the difference between 

Guanabenz and PSI136/Sephin1 on yeast-prion propagation. Rather, these findings 

suggest that the proposed protective effect observed by Das et al. is unrelated to the 

anti-prion activity in yeast. 

The cytoprotective effect of Sephin1 to ER-stress is, like with Guanabenz, observed 

at much lower concentrations than these required for disruption of 

holophosphatase complex formation. Hence, it remains possible that an alternative 

mechanism for Sephin1 can explain its cytoprotective effect.  

In reference to the role of the proposed eIF2 phosphatase inhibitors in regulating 

the ISR, it is important to consider the complex relationship regarding the induction 

of the proteins CHOP and ATF4 in cells treated with these compounds. During the 

ISR, phosphorylation of eIF2 triggers the induction of, sequentially, ATF4, CHOP and 

PPP1R15A, which eventually reduces the levels of phosphorylated eIF2 and 

terminates the ISR (Figure 1.1) (Harding et al., 2000a; Marciniak, 2004). Treatment 

with Salubrinal, proposed to be a general eIF2 phosphatase inhibitor, was reported 

to increase CHOP levels and this effect is consistent with the sustained eIF2 

phosphorylation and the accumulation of its downstream effects (Boyce et al., 

2005). By contrast, treatment with Guanabenz and Sephin1 is observed to decrease 

CHOP but increase ATF4 expression. In PPP1R15A-deficient cells, the expression of 

both CHOP and ATF4 is attenuated during stress conditions (presumably due to the 
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exacerbated inhibition of protein translation) (Harding et al., 2003; Reid et al., 

2016). Hence, the decreased induction of CHOP upon Guanabenz or Sephin1 

treatment in stress conditions is consistent with the proposed inhibition of the 

PPP1R15A regulatory subunit. However, the dramatic divergence between CHOP 

and ATF4 expression is difficult to reconcile and lacks explanation by the authors.  

Hence, this compound (Sephin1) as well as the other proposed phosphatase 

inhibitors (Salubrinal and Guanabenz) could have potential therapeutic applications 

for the treatment of protein misfolding diseases. However, a clear elucidation of 

their mechanism of action seems to be required. 
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Purpose of this study 
 

The reversible phosphorylation of eIF2 is a conserved cellular mechanism, which 

affects numerous cellular events. Disturbing the activity of kinases and 

phosphatases that regulate cellular levels of phosphorylated eIF2 can have 

detrimental effects (proving their essential functions) but, nonetheless, it has been 

shown to be beneficial in specific contexts.  

In particular, reduction of the eIF2 phosphatase activity, by genetic interference 

with the specific eIF2 regulatory subunit that binds to the promiscuous PP1 catalytic 

subunit, has been suggested to be beneficial in certain situations, such us protein 

misfolding accumulation. These observations motivated the search for compounds 

that could act on the phosphatase and mimic the effects observed after genetic 

manipulation of the regulatory subunit.  

Although some compounds have been proposed as eIF2 phosphatase inhibitors, 

their specific mechanism of action remains unknown. Their characterization has 

been limited due to the fact that, on the one hand, they interfere with a very complex 

cellular network and, on the other hand, there is limited information available about 

the specific features of their reported target (the eIF2 phosphatase).  

The aim of this study is to shed light on the attributes of the eIF2 phosphatase, and 

to study the direct effect of its proposed inhibitors by reconstituting the enzyme in 

vitro. To that end, Chapter 2 describes the in vitro characterization of the 

phosphatase, which enabled a study of the enzyme in relation to its structure, 

activity and assembly; Chapter 3 analyses the effect of the aforementioned 

compounds (both in vitro and in cells); and Chapter 4 reports on the development 

of in vitro assays, which can be potentially used to find alternative phosphatase 

modulators. 
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Chapter 2 . In vitro characterization of the eIF2 

phosphatase 

In cells, eIF2 is constantly undergoing phosphorylation and dephosphorylation 

cycles via the regulated action of kinases and phosphatases. The fine balance 

between the activity of these enzymes is essential to regulate the phosphorylation 

status of eIF2, which is involved in the control of many cellular functions, ranging 

from immunity to metabolism (Pakos-Zebrucka et al., 2016; Rzymski et al., 2009; Vij 

et al., 2008). 

Two holophosphatases, which both share the same catalytic subunit, PP1 (protein 

phosphatase 1), and contain either the regulatory subunit PPP1R15A or PPP1R15B 

induce eIF2 dephosphorylation in cells (Jousse et al., 2003; Novoa et al., 2001). 

Despite detailed enzymatic characterization of PP1 in the context of other substrates 

and regulatory subunits (Bollen et al., 2010), little is known about the enzymatic 

characteristics of the eIF2-specific holophosphatase complexes.  

Through structural studies and the use of in vitro assays, this chapter focuses on the 

characterization of the eIF2 phosphatase and the identification of the cellular 

components needed for eIF2 dephosphorylation.  

 

2.1 Structure of the PP1/PPP1R15 complex 

PP1 mediates the dephosphorylation of many substrates within the cell and its 

specificity towards one substrate or another is defined by the binding of a wide 

array of regulatory subunits (Bollen et al., 2010). The information obtained from the 

crystal structures of PP1 with some of its regulatory subunits has helped to 

understand the mechanisms by which these regulatory subunits provide PP1 with 

substrate specificity (Choy et al., 2014; Ragusa et al., 2010). Thus, the initial aim of 

this thesis was to solve the crystal structure of a minimal eIF2 phosphatase complex 

consisting of PP1 and fragments of the regulatory subunits (PPP1R15A or B). 

Mammals have two PPP1R15 paralogues known as PPP1R15B (a constitutively 

expressed isoform) and PPP1R15A (a stress-inducible isoform). Sequence 
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alignment of these proteins and their virus counterparts shows that the only 

conserved region is a stretch of ~70 amino acids located at the C-terminal portion 

(Figure 1.9). The sequence similarity of this C-terminal stretch is maintained not 

only among the mammalian paralogues (PPP1R15A and PPP1R15B), but also in 

many different species (Figure 2.1).  

 

Figure 2.1. The conserved region of the PPP1R15 family.  

Sequence alignment of the conserved C-terminal region of human PPP1R15A (UNIPROT: O75807), 

mouse PPP1R15A (UNIPROT: P17564), human PPP1R15B (UNIPROT: Q5SWA1), mouse PPP1R15B 

(UNIPROT: Q8BFW3), human herpes simplex virus PPP1R15 (ICP34_HHV11, UNIPROT: P36313) and 

insect virus PPP1R15 (Q1A4RO_9BBAC; UNIPROT: Q1A4R0). Residues conserved among the different 

family members are highlighted with grey boxes and asterisks (the red asterisks refer to residues important 

for the experiments explained later in this thesis). In reference to the crystal structure that will be mentioned 

later, the constructs expressed are in blue ink and those residues that showed electron density are in green 

ink. Alignment was done with ClustalW tool from MacVector. 

This conserved C-terminal portion of PPP1R15 proteins contains a PP1-anchoring 

domain (RVxF motif), which is shared among many PP1 regulatory subunits (Egloff 

et al., 1997). This region is known to mediate the binding of PPP1R15 to the catalytic 

subunit and by doing so, it modulates its activity (Brush et al., 2003). Additionally, 

this protein fragment is sufficient for PPP1R15 functionality in cells: cells containing 

a CHOP::GFP reporter, which can be used as a readout of altering the 

phosphorylation status of eIF2, showed attenuation of stress-induced reporter gene 

expression (meaning reduction of eIF2P levels) upon transfection with plasmids 

encoding either full-length regulatory subunits or only their C-terminal portions 
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[(Jousse et al., 2003; Novoa et al., 2001)],[(Chen et al., 2015), Figure 1c therein]. This 

suggests that the conserved C-terminal region of PPP1R15 proteins is involved in 

binding to the catalytic subunit PP1. 

In order to solve the structure of the holophosphatase complex, crystallization 

screenings had to be set up. This required highly pure and concentrated protein 

preparations of the catalytic and regulatory phosphatase subunits.  

In an E. coli expression system, the production of the PPP1R15A regulatory subunit 

is impaired when the protein contains its N-terminal portion (Mikami et al., 2010). 

Therefore, only the C-terminal fragments of the regulatory subunits, which preserve 

the principal cellular function of the full-length proteins, were expressed. To further 

facilitate the production of these likely naturally disordered proteins [(Chen et al., 

2015),Figure 1S2 therein], these truncated regulatory subunits were co-expressed 

together with the catalytic subunit.  

Phosphatase protein complexes were produced using a method developed by 

Ruming Chen, which involved the co-transformation of E. coli cells with expression 

vectors encoding untagged PP1γ and GST-tagged PPP1R15 variants to purify both 

proteins as pre-assembled complexes (section 6.1.1). The two proteins formed 

stable complexes that eluted as a single peak during size-exclusion chromatography 

(see example of PPP1R15B631–669 and PP1γ7–300, Figure 2.2A). The purified protein 

complexes containing different truncated versions of the regulatory subunits were 

subjected to crystallization screens that gave rise to crystal structures that were 

solved by molecular replacement (protein purification done by Ana Crespillo, and 

crystallization was done by Ruming Chen and Yahui Yan): mouse PP1γ7–300 either 

with human PPP1R15B631–660 (PDB: 4V0V), PPP1R15B631–669 (PDB: 4V0W) or 

PPP1R15B631–684 (PDB: 4V0X)(Chen et al., 2015) (Figure 2.2B).  



52 
 

 

Figure 2.2. Crystal structure of the PP1/PPP1R15B complex. 

(A) Upper panel. Plot of UV absorbance (280 nm) against elution volume (mL) of the purified 

PPP1R15B631–669/PP1γ7–300 binary complex resolved by size-exclusion chromatography. Lower panel. 

Image of Coomassie-stained SDS-PAGE gel loaded with the indicated fractions from the chromatogram. 

The positions of PP1 and the PPP1R15 peptide are indicated. (B) Cartoon representation of solved structure 

of PP1γ (cyan surface representation) in complex with three human PPP1R15B segments (in coloured 

ribbon drawing): PPP1R15B631-660, in green (PDB: 4V0V); PPP1R15B631-669, in red (PDB: 4V0W); and 

PPP1R15B631-684, in blue (PDB:4V0X). Shown are three perspectives with the position of the hydrophobic 

(H), C-terminal (C) and acidic (A) grooves of PP1 provided for orientation. The pink spheres represent the 

metal ions at the active site of the enzyme. Crystallization screening, data processing and solving of the 

structure was done by Ruming Chen and Yahui Yan. Structure information in Table 2.1. 
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 PP1G-PPP1R15B 
(631-660) 

PP1G-PPP1R15B 
(631-669) 

PP1G-PPP1R15B 
(631-684) 

PP1G-PPP1R15B 
(631-701)-actin 

Data collection 
    

Synchrotron 
beamline 

Diamond  I02 Diamond  I02 Diamond  I03 Diamond  I04-1 

Space group P21212 P21212 P 41 21 2 C121 

Cell dimensions 
    

a,b,c; Å 66.8, 67.89, 156.38 67.01, 67.86, 156.75 67.54, 67.54, 158.01 103.9, 149.9, 318.7 

α, β, γ; ⁰ 90, 90, 90 90, 90, 90 90, 90, 90 90, 91.03, 90 

Resolution, Å 
51.26-1.61 (1.65-

1.61) 
33.94-1.55 (1.58-

1.55) 
51.34-1.85 (1.89-

1.85) 
82.79-7.88 (8.08-

7.88) 

Rmerge 0.084 (0.807) 0.097 (0.737) 0.094 (0.982) 0.142 (0.680) 

Rmeas 0.101 (0.956) 0.12 (0.927) 0.107 (1.118) 0.199 (0.953) 

< I/σ (I)> 12.5 (3.0) 7.4 (1.8) 9.7 (1.5) 7.2 (1.6) 

CC1/2 0.997 (0.746) 0.995 (0.685) 0.998 (0.914) 0.980 (0.627) 

Completeness, % 99.8 (100) 92.6 (99.9) 100 (100) 98 (99.2) 

Redundancy 6.3 (6.7) 5.1 (4.9) 7.8 (8.2) 3.4 (3.5) 

Refinement 
    

Rwork 0.176 0.172 0.176 0.370 

Rfree 0.203 0.203 0.222 0.400 

No. of reflections 92584 96347 32078 5111 

No. of atoms 5493 5701 2662 28185 

Average B-factors 24.4 25.2 45.2 334 

Metal ion 
occupancies 

Chain A: M2 0.95 

Chain C: M2 0.99 

Chain A: M2 0.79 

M1 0.25 

Chain C: M2 0.90 

M1 0.22 

Chain A: M2 0.76 n/a 

 rms deviations 
    

Bond lengths (Å) 0.006 0.006 0.011 0.0097 

Bond angles (⁰) 1.044 1.054 1.221 1.271 

Ramachandran 
favoured region, 
% 

96.6 96.4 96.8 97.2 
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Data obtained from Chen et al., 2015 

The PPP1R15B peptide was mapped onto the surface of PP1 and its sequence 

followed a trajectory similar to other previously known PP1 regulatory subunits like 

spinophilin (Ragusa et al., 2010) and PNUTS/PPP1R10 (Choy et al., 2014). The 

residues V641 and F643 [part of the conserved RVxF motif shared by many PP1 

regulatory subunits (Egloff et al., 1997)] engaged hydrophobic clefts on the catalytic 

subunit (Figure 2.3).  

 

 

Figure 2.3. PPP1R15 binds PP1 following similar trajectories to other PP1 regulatory subunits.  

Left panel. Cartoon representation of PP1γ (grey surface representation) bound to PPP1R15B (shown 

residues K640 to R653 in stick diagram with their corresponding density map contoured to 1 rmsd). Right 

panel. Cartoon representation of structural alignment corresponding to the PP1-binding portions of 

PPP1R15B, PNUTS (PDB: 4MP0) and spinophilin (PDB: 3EGG) shown in ribbon drawings in green, blue 

and red, respectively. Residues involved in critical contacts with PP1 surface are represented by sticks in 

the three proteins. The figure was made by Ruming Chen and Yahui Yan. 

 

 

 

 

Shortly after this PP1γ/PPP1R15B structure was published (Chen et al., 2015), Choy 

et al. solved the crystal structure of PP1α in complex with PPP1R15A (Choy et al., 

 
PP1G-PPP1R15B 

(631-660) 

PP1G-PPP1R15B 
(631-669) 

PP1G-PPP1R15B 
(631-684) 

PP1G-PPP1R15B 
(631-701)-actin 

Ramachandran 
outliers, % 

0 0 0 0 

MolProbity 
score(percentile) 

1.23( 98%) 1.2(98%) 1.22 (98%) 1.58 (100%) 

PDB code 4V0V 4V0W 4V0X 4V0U 

Table 2.1. Structures parameters  
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2015). It confirmed that both PPP1R15A and B proteins bind to PP1 in a very similar 

mode, despite the use of different PP1 isoforms (Figure 2.4). Interestingly, the 

crystal structure of both holophosphatase complexes (PP1α/PPP1R15A and 

PP1γ/PPP1R15B) showed clear density of only ~20 amino acids of the regulatory 

subunit (those residues close to the PP1 anchoring domain, the KVxF motif). 

However, the phosphatase complexes that gave rise to these structures contained 

PPP1R15 regulatory subunits of ~40 amino acid in length [PPPR15A552-591 

(PDB: 4XPN), PPP1R15B631–660 (PDB: 4V0V), PPP1R15B631–669 (PDB: 4V0W) and 

PPP1R15B631–684 (PDB: 4V0X)]. This suggests that the residues absent in the crystal 

structures are probably not directly involved in PP1 binding and are disordered 

(this point will be further discussed later in this report).  

 

Figure 2.4. Crystal structures of PP1γ/ PPP1R15B631–684 and PP1α/PPP1R15A552-591. 

(A) Cartoon representation of PP1γ (grey surface representation) bound to PPP1R15B631-684 (orange ribbon 

drawing) (PDB: 4V0X). Left panel shows a view from the catalytic site (containing metals represented as 

pink spheres) and right panel is a 180-degree rotated view. (B) As in “A” but crystal structure of PP1α and 

PPP1R15A552-591 (PDB: 4XPN) 
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2.2 Enzymatic activity of the PP1/PPP1R15 complex: A 

missing component 

For a deeper characterization of the phosphatase, not only structural but also 

biochemical in vitro studies were performed. To that end, both the substrate and the 

enzyme were expressed in bacteria, purified, and used to perform in vitro eIF2α 

dephosphorylation reactions.  

The phosphorylation of eIF2 (composed of eIF2α, eIF2β and eIF2γ subunits) occurs 

on Serine 51 of the alpha subunit. Therefore, in vitro dephosphorylation reactions 

should ideally contain the trimeric substrate complex (as it would closely mimic the 

entire cellular substrate). However, production of this complex using an E. coli 

expression system appears to be challenging: so far, no study reports on eIF2 

purification from bacteria, although it has been extensively investigated for 

structural purposes in the context of protein translation. A study from Ito et al. 

suggests that the N-terminal lobe of eIF2α (that contains Serine 51) is a discrete 

domain, which folds independently in the absence of the C-terminal portion, as well 

as in the absence of the beta and the gamma subunits. Moreover, this fragment of 

eIF2α is specifically phosphorylated by the eIF2 kinases in vitro, suggesting that it 

preserves key features of the physiological substrate (Ito et al., 2004). Hence, this N-

terminal lobe of eIF2α, which contains some solubilizing mutations, was used for the 

in vitro experiments described here (Ito and Wagner, 2004). This protein was either 

purified as phosphorylated eIF2α from bacteria (section 6.1.10) or it was purified as 

a non-phosphorylated eIF2α and subjected to PERK-mediated phosphorylation in 

vitro (sections 6.1.8 and 6.2.1). 

The PP1γ/PPP1R15B phosphatase complex used for the biochemical studies was 

also purified upon co-expression of the two proteins in E. coli. To further improve 

its production, the regulatory subunit was C-terminally tagged with maltose binding 

protein (MBP), a protein tag known to enhance solubility and improve protein 

purification (Walls and Loughran, 2011). This strategy substantially increased the 

yield of highly pure and stable PP1γ/PPP1R15B-MBP complexes (Figure 2.5A). 

Although this MBP-tagged complex seemed a promising candidate for structural 

studies, no well-diffracting crystals were obtained in crystallization screens. 
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To assess its function, the phosphatase complex was added to in vitro 

dephosphorylation reactions performed with purified substrates. Samples of the 

reactions were analysed by PhosTag SDS-PAGE, which allows efficient separation of 

the phosphorylated and non-phosphorylated eIF2α to track its dephosphorylation 

under different reaction conditions. This method uses SDS-PAGE gels that are 

polymerized in presence of PhosTag acrylamide, a molecule that contains 2 metal 

ions (in this case, Mn2+) and interacts with phosphate groups of phosphorylated 

proteins. Thus, phosphorylated proteins get “trapped” and their migration is 

retarded in the PhosTag SDS-PAGE gel (Wako, 2016).  

In the cell, the binding of a regulatory subunit to the PP1 catalytic subunit is 

proposed to favour the dephosphorylation of certain substrates (Peti et al., 2013) 

or, in other words, it is suggested to decrease the PP1 activity towards non-specific 

substrates. Therefore, it could be possible that the purified PP1/PPP1R15B 

holophosphatase complex would show different phosphatase activity depending on 

whether the phosphorylated substrate would be eIF2αP or another protein. To test 

that, a non-specific substrate was also purified. This protein (referred to as GSTP) 

consisted of Glutathione S transferase with a C-terminal unstructured 

phosphorylatable peptide derived from CREB (Ron and Dressler, 1992). When 

eIF2αP was used as a substrate, the PP1γ/PPP1R15B-MBP complex showed, as 

expected, a concentration- and time-dependent phosphatase activity (Figure 2.5B, 

upper panel). However, under similar conditions, more GSTP was dephosphorylated 

by the PP1γ/PPP1R15B-MBP complex (Figure 2.5B, lower panel, supported by 

Figure3C and 3D, (Chen et al., 2015). Therefore, in this in vitro system, the 

PP1γ/PPP1R15B-MBP holophosphatase showed higher enzymatic activity when a 

non-specific substrate was used, an unexpected result based on what has been 

observed in cells.  
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Figure 2.5. Non-specific activity of the PP1/PPP1R15B complex for eIF2αP. 

(A) Upper panel. Plot of UV absorbance (280 nm) against elution volume (mL) of purified 

PP1γ7-323/PPP1R15B631–700-MBP binary complex resolved by size-exclusion chromatography. Lower panel. 

Image of Coomassie-stained SDS-PAGE gel loaded with the indicated fractions from the chromatogram. 

The positions of PP1 and the MBP-tagged PPP1R15 peptide are indicated. (B) Upper panel. Coomassie-

stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to eIF2α0 in 3, 5 , 10 or 25 min 

dephosphorylation reactions (at 30° C) constituted with eIF2αP (2.8 μM) and PP1γ/PPP1R15B631–700-MBP 

complex ranging from 6.5 to 25 nM. The fraction of the substrate dephosphorylated (% dP) is indicated 

under each experimental point. Lanes 1 and 2 serve as a reference for the mobility of the phosphorylated 

and non-phosphorylated substrate in the absence of enzyme. Lower panel. As in upper panel “B” but using 

GSTP (1.7 μM) as a substrate. Shown is a result of four independent experiments. 

 

In cells, the overexpression of only the conserved C-terminal region of the 

PPP1R15A or PPP1R15B regulatory subunits is sufficient to promote eIF2 

dephosphorylation (Jousse et al., 2003; Novoa et al., 2001; Chen et al., 2015), 

suggesting that the C-terminal region of these proteins are the only elements 

required to promote the eIF2-specific phosphatase activity of PP1. However, in the 

in vitro experiments, the PP1/PPP1R15B holophosphatase did not show 
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preferential phosphatase activity for eIF2α over a non-specific substrate. It could be 

possible that, in cells, eIF2 dephosphorylation depends on PPP1R15 subunits, but 

may require additional cofactors. If only the regulatory subunits were limiting for 

the reaction, their overexpression would appear to be sufficient to promote the eIF2 

dephosphorylation, as has been previously proposed (Jousse et al., 2003; Novoa et 

al., 2001). Therefore, the differences observed between the in vitro experiments and 

those performed in cells could be explained by the need of a cellular component(s), 

which would contribute to eIF2 dephosphorylation in cells and would be missing in 

the purified protein preparations used in vitro.  

To test this hypothesis, mammalian cell lysates were added to in vitro eIF2αP or GSTP 

dephosphorylation reactions (Figure 2.6). Increasing amounts of lysates enhanced 

the dephosphorylation of eIF2αP (but not GSTP) when they were added to 

dephosphorylation reactions performed with binary phosphatase complexes (lanes 

6-8 and 10-12). Although the cell lysates had some basal phosphatase activity (lanes 

1-4), only eIF2αP dephosphorylation was conspicuously increased in a 

lysate-amount-dependent manner in reactions set up with recombinant 

holophosphatase complexes. In fact, at the highest concentration of binary complex 

assayed (lanes 9 to 12), the enzyme dephosphorylates GST more rapidly than eIF2α 

without addition of any lysate (lane 9, 67% of dephosphorylation of GST compared 

to 20% of eIF2α), but the addition of lysate increased the eIF2α dephosphorylation 

up to 97% whereas the dephosphorylation of GST remained unaffected (lane 12). 

Hence, this experiment suggests that addition of cellular lysates provides some 

component(s) that increased the specific activity of the holophosphatase towards 

eIF2αP but not GSTP. 

 

Figure 2.6. Cell lysates specifically accelerate in vitro eIF2αP dephosphorylation by PP1/PPP1R15B.  
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Upper panel. Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to 

eIF2α0 in 20 min dephosphorylation reactions (at 30° C) constituted with eIF2αP (2 μM), PP1/ PPP1R15B-

MBP complex at 1.5 or 6.5 nM and cell lysates (increasing amounts corresponding to 12–100 ng/μL protein 

concentration). The fraction of the substrate dephosphorylated (% dP) is indicated under each experimental 

point. Lanes 1 serves as a reference for the mobility of the phosphorylated substrate in the absence of 

enzyme. Lower panel. As in upper panel “B” but using GSTP (2 μM) as substrate. Shown is a representative 

experiment reproduced 4 times. 

 

2.3 G-actin: the missing component 

The PP1/PPP1R15 holophosphatase attained specific eIF2α dephosphorylation 

activity only upon addition of cell lysates, indicating that the in vitro reactions may 

lack a crucial component. Hence, finding the component responsible for this effect 

became prime objective. Collaboration with Stefan Marciniak’s laboratory was 

crucial for the identification of the missing component. Cell-based assays performed 

in their laboratory showed a consistent binding of G-actin to PPP1R15A, and 

perturbation of this binding in cells (by pharmacological manipulation of G-actin 

levels) affected the phosphorylation status of eIF2α (Chambers et al., 2015). Thus, 

G-actin was considered as a potential cofactor of the binary phosphatase complex.  

G-actin is a globular protein of ~42 KDa. Its structure comprises four lobes or 

subdomains (numbered SD1 to 4) and a central nucleotide (ATP or ADP) and 

divalent cation binding site (Figure 2.7). Each lobe is composed of a central β-sheet 

surrounded by several α-helices, which are connected by loops of different lengths. 

The interaction between G-actin monomers triggers the formation of actin filaments 

(F-actin), which contain a fast-growing or barbed end (+) and a slow-growing or 

pointed end (-). In cells, there is a dynamic equilibrium between pools of G-actin and 

F-actin. Changes of this equilibrium influence many cellular functions via the ability 

of a variety of molecules to engage specifically with either one of both forms. For 

example, some proteins only bind to the G-actin conformation (and not F-actin): 

myosin motor heads bind at lobe 1, DNase I binds to the D-loop in lobe 2 and other 

actin-binding proteins (like profilin or cofilin) contain a so-called WH2 domain, 

which interacts with the small incision at the base between lobe 1 and 3 (Kühn and 

Mannherz, 2017).  
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Figure 2.7. G-actin structure from (Kühn and Mannherz, 2017).  

Cartoon depicting G-actin structure in which the different lobes or subdomains (SD) are highlighted in 

different colours. The pointed end (-) and barbed end (+) are annotated, as is the ATP and metal binding 

site. The D-loop in SD2 is also highlighted.  

To test whether G-actin was the component of the lysate that enhanced the 

eIF2α-directed PP1/PPP1R15B holophosphatase activity in vitro, different G-actin 

binding compounds were added to the reactions. It was assumed that these 

compounds would compete with the recombinant phosphatase for the available 

pool of actin present in the lysates and thereby block the potential observed effect 

of actin to increase the enzymatic activity.  

Cytochalasin D is a small natural compound that binds to G-actin in the cleft between 

lobes 1 and 3 and weakens its interaction with some G-actin binding proteins (Nair 

et al., 2008). This compound was added to the PP1/PPP1R15B-mediated eIF2αP 

dephosphorylation reactions in presence or absence of cell lysate (Figure 2.8). In 

order to be able to compare the effect of the compound under both conditions (with 

or without lysate), the dephosphorylation activity was normalized by adjusting the 

concentration of holophosphatase complex in the reactions. To that end, the 

concentration of holophosphatase was lower in reactions containing cell lysate 

(lanes 1-11) than in ones which did not contain it (lanes 12-14), to compensate for 

the stimulatory effect of the lysate on the phosphatase activity. Cytochalasin D 

inhibited the eIF2αP-directed phosphatase activity when cell lysate was present 

(lanes 2-11), but did not affect the activity of the PP1/PPP1R15 holophosphatase 

itself (lanes 12-14). Hence, this suggests that the stimulatory effect of the lysate on 

the phosphatase activity was probably due to the binding of G-actin to the enzyme 

complex through an interaction that competes with Cytochalasin D.  
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Jasplakinolide , a marine toxin that induces actin polymerization and stabilizes the 

F-actin polymers (Holzinger, 2010) also inhibited the stimulatory effect of cell lysate 

on PP1/PPP1R15B-mediated eIF2αP dephosphorylation reactions [(Chen et al., 

2015), Figure 4C therein]. Therefore, these results were consistent with the idea that 

these G-actin binding compounds disrupt the interaction between G-actin and the 

eIF2α holophosphatase (with a concomitant reduction of the stimulatory effect of G-

actin on the enzyme).  

 

Figure 2.8. A G-actin binding molecule (Cytochalasin D) debilitates the specificity imparted by cell 

lysate to PP1/PPP1R15B-mediated eIF2αP dephosphorylation. 

Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to eIF2α0 in 20 min 

dephosphorylation reactions (at 30° C) constituted with eIF2αP (2 μM), PP1/ PPP1R15B-MBP complex at 

1.5 or 6.5 nM, cell lysate at 12 or 50 ng/μL of protein concentration and escalating concentrations of 

Cytochalasin D (12.5 to 100 μM). The fraction of the substrate dephosphorylated (% dP) is indicated under 

each experimental point.  

To study the potential role of G-actin in a more direct manner, this protein was 

purified from rabbit skeletal muscle tissue (see section 6.1.2) and added to the in 

vitro dephosphorylation reactions (Figure 2.9). The addition of G-actin increased the 

rate of eIF2αP dephosphorylation in reactions performed with purified 

PP1/PPP1R15B-MBP holophosphatase complex (lanes 1-6), but it did not affect the 

rate of dephosphorylation of the non-specific substrate, GSTP (lanes 7-12). 

Therefore, the sole addition of pure G-actin mimics the stimulation of the 

PP1/PPP1R15B phosphatase activity towards eIF2αP by cell lysate. Furthermore, 

the inhibitory effect of Cytochalasin D and Jasplakinolide was also conspicuous in 

G-actin-dependent dephosphorylation reactions [(Chen et al., 2015), Figure 5B & 5C 

therein]. 
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Figure 2.9. G-actin confers specificity towards eIF2αP dephosphorylation upon PP1/PPP1R15B 

phosphatase complexes.  

Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to eIF2α0 in 20 min 

dephosphorylation reactions (at 30° C) constituted with eIF2αP (2 μM) and PP1/ PPP1R15B-MBP complex 

(6.5, 25 or 125 nM) in presence or absence of 1 μM G-actin.  

The GSTP protein used as a non-specific substrate of the eIF2α phosphatase was a 

genetically engineered entity which does not exist in cells. Hence, the use of an 

authentic PP1 substrate in the in vitro dephosphorylation reactions would resemble 

more closely a physiological situation. In cells, PP1 is involved in the glycogen 

metabolism by regulating the phosphorylation status of other substrates, such as 

PYGM. The regulatory subunit RGM binds to PP1 to direct its phosphatase activity 

towards PYGMP (known as the active Phosphorylase A), which is converted to PYGM 

(known as the inactive Phosphorylase B) (Ragolia and Begum, 1998).  

The dephosphorylation of this commercially-available substrate, PYGMP, was 

compared to eIF2αP in reactions performed with PP1γ, PP1γ/PPP1R15B-MBP 

(binary complex, BC) or PP1γ/PPP1R15B-MBP/G-actin (ternary complex, TC) 

(Figure 2.10). Both in the eIF2αP (blue lines) and PYGMP (grey lines) 

dephosphorylation reactions, the rate of substrate conversion per molecule of 

enzyme increased linearly in a substrate-concentration-dependent manner. The 

greatest slope (indicative of fastest enzyme kinetics, see section 5.2) was observed 

in presence of ternary phosphatase complex (PP1γ/PPP1R15B-MBP/G-actin) only 

when eIF2αP was used as a substrate. Hence, PP1 required the presence of both the 

regulatory subunit and G-actin to markedly accelerate the dephosphorylation of 

eIF2α compared to a non-specific substrate (as GSTP or PYGMP).  
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Figure 2.10. The PP1/PPP1R15/G-actin ternary complex specifically dephosphorylates eIF2αP but 

no PYGMP. 

Plot of rate of substrate conversion per molecule of enzyme (sec-1) against substrate concentration (μM) 

calculated from eIF2αP or PYGMP dephosphorylation reactions (5 min, 30° C) performed with PP1γ (apo-

PP1), PP1γ/PPP1R15B-MBP (binary complex, BC) or PP1γ/PPP1R15B-MBP/G-actin (ternary complex, 

TC). Shown are mean values (dots) ± SD (bars) of measurements performed three times. The table contains 

the regression coefficient (r2) and slope (±SD) of the linear regression analysis of each of the six 

enzyme-substrate pairs assayed.  

 

2.4 Structure of the PP1/PPP1R15B/G-actin complex 

The crystal structure of the PP1/PPP1R15A (Choy et al., 2015) and the 

PP1/PPP1R15B holophosphatase complexes (Figure 2.4) showed that, although the 

PPP1R15 constructs contained ~40 amino acids of their conserved C-terminal 

region, both crystal structures revealed clear density of only ~20 amino acids 

encompassing the KVxF motif and adjacent residues (red residues in Figure 2.11). 

Interestingly, secondary structure propensity analysis of the C-terminal sequence of 

PPP1R15A predicts two regions with preferred helical secondary structure, which 

may represent potential protein binding sites [α1 (582-590) and α2 (610-621)(Choy 

et al., 2015)](blue residues in Figure 2.11). However, given the lack of density of 

these regions the crystal structure, they are unlikely to bind PP1. Therefore, the very 

C-terminal region of PPP1R15 regulatory subunits, which seems to be disordered in 

the binary complex, might potentially bind other component(s). 
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Figure 2.11. Regions of PPP1R15 proteins resolved by crystal structure with PP1. 

Alignment of the conserved C-terminal region of human PPP1R15A (UNIPROT: O75807), mouse 

PPP1R15A (UNIPROT: P17564), human PPP1R15B (UNIPROT: Q5SWA1) and mouse PPP1R15B 

(UNIPROT: Q8BFW3). The orange rectangles highlight the length of the proteins used to obtain such 

crystal structures. The residues in red of PPP1R15A (PDB:4XPN) and PPP1R15B (4V0X) are those that 

showed a clear density on the crystal structures of these regulatory subunits with PP1. The residues in blue 

of PPP1R15A belong to regions with proposed preferred helical secondary structure. Alignment was done 

with ClustalW tool from MacVector. 

 

G-actin was considered as this potential phosphatase binding partner, given the 

observed stimulatory effect of this protein on the eIF2α phosphatase activity. In fact, 

incubation of binary complexes of PP1γ/PPP1R15 with G-actin (see section 6.1.3) 

yielded stable trimeric complexes that eluted from size-exclusion chromatography 

columns as a single peak (Figure 2.12A). Crystallization screens were done with 

complexes containing PPP1R15A or PPP1R15B and G-actin, but only the ones 

containing PPP1R15B gave rise to crystals. However, these crystals diffracted only 

to a resolution of 7.9 Å. Nonetheless, the structure of the complex was solved by 

Ruming Chen and Yahui Yan using molecular replacement (Figure 2.12B). According 

to the model, the regulatory subunit likely acts as a bridge between PP1 and G-actin, 

being essential for the formation of the ternary complex. 
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Figure 2.12. Structural information about the PP1/PPP1R15B/G-actin complex. 

(A) Upper panel. Plot of UV absorbance (280 nm) against elution volume (mL) of purified 

PPP1R15B631-701/PP1γ7–323/G-actin ternary complex resolved by size-exclusion chromatography. Lower 

panel. Image of Coomassie-stained SDS-PAGE gel loaded with the indicated fractions of the 

chromatogram. The positions of PP1, the PPP1R15B peptide and G-actin are indicated. The asterisk denotes 

a degradation product of PPPR15B that elutes in later fractions (B) Cartoon representation of the ternary 

complex of PP1γ (in dark blue-ribbon diagram), PPP1R15B (in cyan-ribbon diagram) and G-actin (in 

yellow-ribbon diagram). The pink spheres represent the metal ions in the phosphatase active site and the 

stick diagrams represent Latrunculin B (in blue) and ATP (in green). The numbers (1–4) refer to the actin’s 

lobes, marked for reference. The image on the left and right represent different rotational views, showing 

the holoenzyme’s active site (left) or a 180-degree rotated view (right). Crystallization, data processing and 

structure modelling was done by Ruming Chen and Yahui Yan. Structure information in Table 2.1. 

 

Despite the low resolution of the crystal structure, there was conspicuous density 

observed in the cleft between lobes 1 and 3 of G-actin. Based on the comparison of 

the sequence of PPP1R15 with other known actin binding partners (Dominguez and 

Holmes, 2011), this density was assigned to the C-terminal region of PPP1R15 

(Figure 2.13A). Furthermore, the position of this density on G-actin provided a 

possible explanation for the inhibitory effect of Cytochalasin D (that binds at a 

similar position in G-actin) on G-actin-mediated stimulation of eIF2α-specific 

PP1/PPP1R15 phosphatase activity (Figure 2.13B). 
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Figure 2.13. PPP1R15 binds G-actin in a proposed similar position than other G-actin binding 

partners. 

(A) Alignment of the conserved C-terminal region of human PPP1R15B (R15B) and mouse PPP1R15A 

(R15A) with sequences corresponding to amphipathic helices of known G- actin binding partners, which 

engage G-actin in the cleft between domains 1 and 3. Indicated are the PDB files used to obtain the 

information. The residues observed to interact with G-actin (or predicted, in the case of PPP1R15) are 

highlighted in blue. (B) Cartoon representation of the close-up of actin (in grey surface representation), PP1 

(in cyan) and PPP1R15B (in magenta) in the holophosphatase complex. Difference electron density after 

averaging in coot (likely representing PPP1R15B) is shown as a green mesh. The pink ribbon represents an 

actin binding helical peptide of Drosophila melanogaster Ciboulot, a prototypical G-actin binding protein 

(PDB: 1SQK) (Hertzog et al., 2004). Cytochalasin D, a small molecule inhibitor (PDB: 3EKS) (Nair et al., 

2008), is depicted in orange stick diagram. 

 

Additionally, the structural data suggested that the D-loop on lobe 2 of G-actin was 

free and accessible to potential proteins that bind on this site, such as DNase I. To 

test this possibility, DNase I was purchased and added to the purified ternary 

phosphatase complexes. In agreement with the hypothesis based on the structural 

data, DNase I co-purified with the ternary complex (Figure 2.14A). Moreover, 

G-actin or G-actin/DNase I complex were equally efficient in promoting the specific 

dephosphorylation of eIF2αP when added to PP1/PPP1R15B complexes in vitro 

(Figure 2.14B). 
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Figure 2.14. A quaternary complex of DNase I, G-actin, PP1γ and PPP1R15A retains its 

eIF2αP-directed phosphatase activity. 

(A) Upper panel. Plot of UV absorbance (280 nm) against elution volume (mL) of purified 

PPP1R15A539-614/PP1γ7-323/G-actin/DNase I quaternary complex resolved by size-exclusion 

chromatography. Lower panel. Image of Coomassie-stained SDS-PAGE gel loaded with the indicated 

fractions of the chromatogram. (B) Coomassie-stained PhosTag-SDS-PAGE gel tracking the 

dephosphorylation of eIF2αP to eIF2α0 in 20 min dephosphorylation reactions (at 30° C) constituted with 

eIF2αP (2 μM) and PP1/PPP1R15B-MBP complex (25 nM) in presence of G-actin (upper panel) or G-

actin/DNase I complex (lower panel) at 10 nM to 1 µM. The fraction of dephosphorylated substrate (% dP) 

is annotated below the image.  
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2.5 Further attempts to determine the PPP1R15/G-actin 

complex structure 

Obtaining reliable structural information of the interaction between PP1/PPP1R15 

and G-actin from purified ternary complexes (PP1/PPP1R15/G-actin) seemed to be 

a great challenge, and the disordered nature of the PPP1R15 regulatory subunits 

could provide the explanation for it.  

In order to form crystals, proteins need to pack into crystal units, with a particular 

repeated spatial disposition within the crystal unit (McPherson and Gavira, 2014). 

However, in the case of flexible or disordered proteins, it is very unlikely that the 

conformation attained by the protein in a particular crystal unit would be similar to 

that obtained in other crystal units. This either prevents the crystal formation or 

limits the interpretation of the data obtained from the flexible regions of these 

proteins. Crystallization of PPP1R15 (A or B) with PP1 (Chen et al., 2015; Choy et al., 

2015), revealed only few residues of PPP1R15, and these were bound directly to the 

PP1 surface. This suggests that the binding of these naturally disordered fragments 

of the PPP1R15 regulatory subunits to PP1 limited their flexibility and free 

movement and facilitated crystal-packing (and consequently allowed to obtain 

structural information from these residues in contact with the catalytic subunit). 

The attempts to solve the crystal structure of the PP1/PPP1R15/G-actin ternary 

complex were based on the idea that the binding of G-actin to PPP1R15 would (as 

observed with PP1) reduce the flexibility of the very C-terminal region of the 

regulatory subunit and allow visualization of these residues in the protein crystals. 

However, the diffraction data of protein crystals obtained from these ternary 

complexes yielded very low resolution, possibly due to the remaining flexibility of 

PPP1R15 outside of the PP1 and the G-actin binding sites. Thus, confining the 

structural studies to the PPP1R15 residues that bind to G-actin (removing the 

disordered PPP1R15 residues) appeared to be a potential solution to obtain 

information about the binding of G-actin to the phosphatase complex.  

The production of protein complexes of PPP1R15A and G-actin seemed feasible, 

given that in the course of this project we observed that PPP1R15 has a considerable 

affinity for G-actin that is independent of PP1’s presence in the complex. However, 
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such a protein crystal (between G-actin and PPP1R15A) would only provide 

information about the interface between G-actin and the regulatory subunit, but it 

would lack critical details about the relative disposition of the components in the 

ternary complex. Nonetheless, it was considered that, despite the limited 

information that could be obtained, structural information of PPP1R15/G-actin 

binary complexes could be useful, and crystallization screens of them were set up. 

To find the minimal part of PPP1R15A that still interacts with G-actin, the ability of 

different PPP1R15A truncated mutants to bind to G-actin was tested (experiments 

performed by Ruming Chen, unpublished). The minimal PPP1R15A fragment found 

to bind G-actin coincided with the region likely to have α-helical secondary structure 

according to structure propensity analysis [α1(582-590) and α2 (610 to 621), (Choy 

et al., 2015)]. Moreover, the PP1/PPP1R15A crystals did not reveal density for this 

region of PPP1R15A, although the regulatory subunit contained these residues (blue 

residues in Figure 2.11). Hence, constructs of PPP1R15A confined to that part were 

produced for crystallization screens of PPP1R15A/G-actin complexes. 

Two versions of the minimal PPP1R15A constructs, with added solubility tags, were 

produced: an N-terminally GST-tagged version (PPP1R15A583-621); and a doubly 

tagged version with an N-terminal GST-tagged and a C-terminal MBP-tagged 

(PPP1R15A583-623-MBP). They were incubated with G-actin and purified by 

size-exclusion chromatography, forming a stable complex (Figure 2.15 A & B).  
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Figure 2.15. The C-terminal portion of PPP1R15A forms a stable complex with G-actin 

(A) Upper panel. Plot of UV absorbance (280 nm) against elution volume (mL) of purified 

PPP1R15A583-623-MBP/G-actin binary complex resolved by size-exclusion chromatography. Lower panel. 

Image of Coomassie-stained SDS-PAGE gel loaded with the indicated fractions from the chromatogram. 

The size of the proteins is annotated on the gel as is the GST tag contaminant band. Note: the faint bands 

migrating at 75 KDa probably correspond to uncleaved GST-PPP1R15A proteins. (B) As in “A” but from 

non-MBP-tagged PPP1R15A581-621/G-actin binary complex. 

 

Table 2.2 summarizes the different protein preparations purified and the 

crystallization screening plates used, which were dispensed either manually or 

robotically (referred as CIMR, for the name provided by the crystallization unit in 

the Cambridge Institute of Medical Research). The first attempt using robotically-

dispensed crystallization screening plates (Table 2.2, name 1748 and 1749) yielded 

crystals in conditions with variable PEG concentrations and in presence of 

ammonium sulphate and magnesium acetate. Unfortunately, the very small size of 

the crystals rendered their handling impractical (Figure 2.16).  
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Proteins used Name 
Concentration 

(mg/mL) 

Crystallization 

plate 
Code 

PPP1R15A583-621 + G-actin 1748 7 

CIMR1 6302 

CIMR5 6303 

CIMR5 6304 

PPP1R15A583-623-MBP + G-actin 1771 11 

CIMR1 6305 

CIMR5 6306 

CIMR5 6307 

PPP1R15A583-621 + G-actin 1748_2 8 
CIMR3 6365 

manual1 6366 

PPP1R15A583-623-MBP + G-actin 1771_2 11 

CIMR2 6367 

CIMR3 6368 

manual1 6369 

PPP1R15A583-623-MBP + G-actin 1771 8 
CIMR5 6370 

manual1 6371 

PPP1R15A583-623-MBP + G-actin 1771_3 5,4 
CIMR5 6373 

CIMR3 6372 

PPP1R15A583-623-MBP + G-actin 1771_4 10 

CIMR2 6374 

CIMR3 6375 

CIMR5 6376 

PPP1R15A583-623-MBP + G-actin 1771_2 3,6 CIMR5 6377 

PPP1R15A583-623-MBP + G-actin 1771_3 11 

CIMR2 6378 

CIMR3 6379 

CIMR5 6380 

PPP1R15A583-621 + G-actin 
1748-

10032016 
16 

CIMR1 6489 

CIMR5 6490 

PPP1R15A583-623-MBP + G-actin 
1771-

150316 
12 

CIMR2 6493 

CIMR4 6494 

CIMR6 6495 

PPP1R15A583-621 + G-actin 
1748-

23032016 
8 

CIMR2 6496 

CIMR3 6497 

Table 2.2. Summary of crystallization attempts for PPP1R15A/G-actin protein complexes. 

The name of the proteins purified is based on the number assigned to the DNA plasmids used (See Table 

6.2). The plates referred as “CIMR” followed by a number denote the robotically-dispensed screening plates 

used from the crystallization facility of the Cambridge Institute of Medical Research (CIMR), each of them 

containing different buffer conditions (such as different precipitants, salts , pH conditions or buffering 

agents).  
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Figure 2.16. Image of microcrystals obtained for R15A/G-actin complexes.  

Pictures of microcrystals obtained for PPP1R15A583-621/G-actin complexes (left) and 

PPP1R15A583-623-MBP/G-actin complexes (right) at the concentration and conditions specified. Aprox. 

crystals size <0.05 mm ( based on the size of the loop used to try to pick them up) 

 

Manually-dispensed crystallization screening plates, whose detailed conditions are 

shown in Table 2.3, were tried in an attempt to optimise conditions of crystal 

growth. Other optimization strategies were also tried, such as the use of different 

protein concentrations or the use of other robotically-dispensed crystallization 

screening plates, which covered a large range of salt conditions, pH and precipitants 

(Table 2.2). 

  1 2 3 4 5 6 7 8 9 10 11 12 

PEG (%) 

A 

12,00 12,00 12,00 12,00 12,00 12,00 12,00 12,00 12,00 12,00 12,00 12,00 

AS (M) 0,15 0,15 0,20 0,20 0,25 0,25       

MAc (M)       0,15 0,15 0,20 0,20 0,25 0,25 

 

B 

13,86 13,86 13,86 13,86 13,86 13,86 13,86 13,86 13,86 13,86 13,86 13,86 

 0,15 0,15 0,20 0,20 0,25 0,25       

       0,15 0,15 0,20 0,20 0,25 0,25 

 

C 

15,71 15,71 15,71 15,71 15,71 15,71 15,71 15,71 15,71 15,71 15,71 15,71 

 0,15 0,15 0,20 0,20 0,25 0,25       

       0,15 0,15 0,20 0,20 0,25 0,25 

 

D 

17,57 17,57 17,57 17,57 17,57 17,57 17,57 17,57 17,57 17,57 17,57 17,57 

 0,15 0,15 0,20 0,20 0,25 0,25       

       0,15 0,15 0,20 0,20 0,25 0,25 

 

E 

19,43 19,43 19,43 19,43 19,43 19,43 19,43 19,43 19,43 19,43 19,43 19,43 

 0,15 0,15 0,20 0,20 0,25 0,25       

       0,15 0,15 0,20 0,20 0,25 0,25 

 
F 

21,29 21,29 21,29 21,29 21,29 21,29 21,29 21,29 21,29 21,29 21,29 21,29 

 0,15 0,15 0,20 0,20 0,25 0,25       
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       0,15 0,15 0,20 0,20 0,25 0,25 

 

G 

23,14 23,14 23,14 23,14 23,14 23,14 23,14 23,14 23,14 23,14 23,14 23,14 

 0,15 0,15 0,20 0,20 0,25 0,25       

       0,15 0,15 0,20 0,20 0,25 0,25 

 

H 

25,00 25,00 25,00 25,00 25,00 25,00 25,00 25,00 25,00 25,00 25,00 25,00 

 0,15 0,15 0,20 0,20 0,25 0,25       

       0,15 0,15 0,20 0,20 0,25 0,25 

Table 2.3. Summary of buffer conditions tried for PPP1R15A/G-actin crystallization attempts.  

The bold letters (A to H) and numbers (1 to 12) denote the position of the wells in a 96-well plate. The 

numbers at each well location refer to the concentration of Polyethylene glycol (PEG), ammonium sulphate 

(AS) and magnesium acetate (MAc).  

Despite several crystallization attempts, only small crystals were obtained that 

didn’t diffract. Therefore, all efforts to obtain accurate structural information of the 

binding between PPP1R15 and G-actin failed. Further discussion of this issue can be 

found in Section 5.6. 

 

2.6 Stimulatory effect of the enzymatic components  

The biochemical studies previously described (sections 2.2 and 2.3) were 

performed with pre-assembled PP1/PPP1R15 phosphatase complexes (that were 

purified from E. coli co-expressing the two proteins). This was due to the difficulty 

to purify the PPP1R15 regulatory subunit as an individual component. However, the 

addition of the solubilizing MBP-tagged to the C-terminus of PPP1R15 proved to 

markedly increase the solubility of the protein and allowed its purification without 

co-expression of the catalytic subunit (detailed protocol in section 6.1.4).  

Purification of the catalytic subunit (PP1γ), regulatory subunit (PPP1R15A-MBP) 

and G-actin as individual components (and not as part of a pre-formed complex) 

enabled the study of the stimulatory effect that each protein has on the phosphatase 

activity. Regarding the PPP1R15A regulatory subunit, the initial construct used was 

confined to the conserved C-terminal region containing the PP1 and G-actin binding 

sites (residues 533 to 624) and carried an MBP-tag on the C-terminus (Figure 2.17, 

PPP1R15A533-624-MBP).  
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Figure 2.17. Cartoon representation of the PPP1R15A protein sequence and the different 

constructs used in this study 

Cartoon depicting the PPP1R15A protein sequence with its different regions annotated (ER localization 

domain, yellow; PEST repeats, grey; PP1 binding site, red; and G-actin binding site, blue). The numbers 

refer to amino acid positions, which will be referenced later in the text. PPP1R15A constructs used (whose 

names are provided in grey colour), are cartooned underneath and aligned to the protein sequence. The 

maltose binding protein tag (solubility MBP tag) of the different constructs is represented by the light green 

ellipse. Note: the cartoon corresponding to the particular PPP1R15A constructs used will be added in the 

figures of following experiments for clarification.  

 

In order to capture the stimulatory effect of the regulatory subunit, 

dephosphorylation reactions were performed by fixing concentrations of PP1γ and 

G-actin and titrating amounts of PPP1R15A. This PPP1R15A533-624-MBP protein 

increased the phosphatase activity in a concentration-dependent manner and 

showed an EC50 = 4.5 nM (Figure 2.18A). G-actin titrations were done at fixed 

concentrations of PP1 and PPP1R15A533-624-MBP and also showed a 

concentration-dependent stimulation of the phosphatase activity (EC50 = 8.5 nM) 

(Figure 2.18B). The value obtained for the stimulatory effect of G-actin matched the 

value obtained using the pre-assembled purified complex of PP1γ/PPP1R15B and 

PP1γ/PPP1R15A [(Chen et al., 2015), Figure 5 therein].  
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Figure 2.18. Kinetic measurement of the stimulatory effect of human PPP1R15A and G-actin on 

eIF2αP dephosphorylation. 

(A) Upper panel. Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to 

eIF2α0 in 20 min dephosphorylation reactions (at 30° C) constituted with eIF2αP (2 μM), PP1γ (0.625 nM), 

G-actin (1.5 mM) and escalating concentrations of PPP1R15A533-624-MBP. Shown is a representative of 

three independent experiments performed. Lower panel. Semi-log10 plot of the percentage of eIF2αP 

dephosphorylation (% dP) against PPP1R15A533-624-MBP concentrations derived from three independent 

experiments performed. The EC50 was calculated using the ”[Agonist] vs. response - variable slope (four 

parameters)” function in GraphPad Prism v7. The grey lines represent the 95% confidence interval of the 

fitting. Shown are values obtained for EC50 and information of goodness of the fit (r2). (B) As in “A” but 

with fixed concentration of PPP1R15A533-624-MBP (50 nM) and increasing concentrations of G-actin.  
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The experimental conditions chosen for these particular assays were important to 

assure meaningful results: 

- Apo-PP1 had to be added at very low concentrations, to minimize the 

unspecific eIF2αP dephosphorylation by apo-PP1, but sufficient to promote easily 

detectable dephosphorylation of the substrate in presence of the three enzymatic 

components.  

- The range of titrated component had to cover several concentrations at 

which it did not induce any stimulatory effect as well as several concentrations at 

which the stimulatory activity was maximal (the latter was only possible when the 

concentration of the protein preparation was high enough). This would allow to set 

the maximum and minimum enzymatic activity upon addition of the titrated 

component, important for an accurate calculation of EC50 value. 

- The incubation time of the reactions and the concentration of the fixed 

enzymatic components (for example, PP1 and G-actin in the case of PPP1R15 

titration) were chosen to minimize substrate depletion. This is an important 

consideration when measuring the stimulatory effect of the enzymatic components 

in an accurate manner. For example, if the substrate is fully dephosphorylated (total 

substrate depletion) in dephosphorylation reactions which contain, for example, the 

three highest concentrations of titrated component, it would be impossible to know 

which one happened faster (given that all were stopped at the same time). 

Consequently, it would be impossible to know if the apparent plateau of the 

enzymatic activity is real. If, on the other hand, the substrate is not completely 

dephosphorylated (as shown in Figure 2.18), the similar amount of 

dephosphorylated substrate in reactions in which the titrated components are at 

their highest concentrations surely means that all these reactions happened at the 

same velocity, and that the catalytic subunit was saturated with regulatory subunit 

(or G-actin) over this range of concentrations.  

The low EC50 values obtained and the great difference in percentage of eIF2α 

dephosphorylation observed in reactions with G-actin and PPP1R15A titrations 

(Figure 2.18) indicate that these proteins have the ability to efficiently stimulate the 

phosphatase activity even at nanomolar concentrations. Thus, both G-actin and 

PPP1R15A are potent stimulators of the eIF2α-directed PP1 enzyme.  
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2.7 Affinity measurement of interaction between components 

of the holoenzyme  

The EC50 values measured for the PPP1R15A regulatory subunit and G-actin on 

PP1-mediated eIF2α dephosphorylation suggests the ability of these proteins to 

exert their stimulatory function at very low concentrations. However, these 

experiments did not provide direct information about the affinity of the enzymatic 

components for each other.  

Several studies have reported on the affinity of PP1 for other regulatory subunits by 

the use of isothermal calorimetry measurements [such as the case of spinophilin or 

PNUTS (Choy et al., 2014; Ragusa et al., 2010)] or using surface plasmon resonance 

[such as the case of Rif1(Sukackaite et al., 2017)]. Given the feasibility of measuring 

the affinity of PP1 for other regulatory subunits, experiments were set up to obtain 

the same information in the case of PPP1R15 and G-actin.  

Bio-layer interferometry (BLI) was the technique used to measure the affinity 

between the components of the holoenzyme. This technique is based on the coupling 

of one of the binding partners (ligand) to a sensor, which is then dipped into 

solutions containing the binding partner (analyte) or protein-free buffer, to measure 

association and dissociation of the proteins, respectively. The sensor is connected to 

a light detection system that registers differences in signal that mostly correlate 

with the association or dissociation of the proteins (although it can also report on 

other changes on the ligand, such as conformational changes) (Abdiche et al., 2008; 

ForteBio, 2011).  

There are different commercially-available derivatized biosensors with different 

surface coatings, which define the specific coupling system for the ligand: such as 

anti-GST antibody-coated sensors to bind GST-fused proteins or Ni-NTA-coated 

sensors to bind His-tagged proteins. The streptavidin-coated sensors, which bind 

biotinylated proteins, were chosen in this study due to the tighter immobilization of 

the ligand by this coupling system (Abdiche et al., 2008). 

To that end, a new version of PPP1R15A533-624-MBP was designed to be used as a 

ligand in the BLI experiments (Figure 2.19A). It contained a N-terminal AviTag, a 15 

amino acid peptide that can be recognized and biotinylated by the E. coli biotin ligase 
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BirA (see section 6.2.2 for biotinylation protocol) (Fairhead and Howarth, 2015). 

AviTag-PPP1R15A533-624-MBP was purified, in vitro biotinylated and immobilized on 

a streptavidin-derivatized sensor.  

The dissociation constant (Kd) of the interacting proteins were determined in two 

different ways: based on association and dissociation kinetics and based on 

steady-state binding. For the former (Figure 2.19B), the association of the two 

binding proteins was registered at a single analyte concentration and over short 

periods of time, before the association signal was saturated (reached a plateau). In 

this case, the analysis of the data was done by fitting the values obtained to a kinetic 

binding model. In the steady-state measurements (Figure 2.19C), the signals 

corresponding to different concentrations of analyte were allowed to reach 

saturation (plateau) and the data were analysed by fitting the values obtained to a 

steady-state binding model. The interaction between PPP1R15A533-624 and PP1γ 

showed a robust 1:1 bimolecular interaction, and similar values for 

koff (~0.22±0.1 min-1) and a Kd (~ 27±8 nM) were obtained using either method. 

Another study in which the binding of PPP1R15A552-591 and PP1α was measured by 

isothermal titration calorimetry (ITC) reported a Kd = 62 ± 14 nM (Choy et al., 2015). 

The higher affinity measured in the BLI experiment might reflect the contribution of 

contacts made by extra residues of PPP1R15A that are present in the particular 

construct used here. The EC50 obtained for PPP1R15A (Figure 2.18A) was ~4-fold 

lower than the Kd observed by BLI. Steric hindrance of the analyte in the BLI 

experiment or G-actin cooperativity in the dephosphorylation reactions could 

provide an explanation for this observed difference. 
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Figure 2.19. Affinity of PP1-PPP1R15A for one another analysed by Bio-Layer Interferometry 

(BLI). 

(A) Schema of the human PPP1R15A533-624 used in the BLI experiments. The green section represents the 

AviTag on the N-terminal position, labelled with biotin. (B) Plot of Bio-Layer Interferometry (BLI) signal 

against time of a representative experiment (performed three times) in which immobilized PPP1R15A533-624 

was exposed to PP1 (40 nM) in solution (blue trace). The fitting curve using the “association then 

dissociation” model in GraphPad Prism v7 is shown in red. Vertical dashed line marks the beginning of the 

dissociation phase. Table summarizes kinetic parameters extracted from fitting curves of three repeats of 

the experiment shown on left panel (mean ± SD). The cartoon depicts the experiment setup. Shown is a 

representative of an experiment repeated three times. (C) As in “B” but the immobilized PPP1R15A533-624 

was exposed to PP1 (10, 20 and 40 nM). The fitting curve using “association only” model in GraphPad 

Prism v7 is shown in red. The table summarizes kinetic parameters extracted from the fitting curves of the 

experiment shown on the left panel.  

 

Using the same configuration to measure the binding of G-actin to PPP1R15A 

(having PPP1R15A as a ligand and G-actin as an analyte) yielded uninformative 

results. PPP1R15A is an unstructured protein and the BLI system detects not only 

proteins binding to the ligand but also conformational changes that happen in the 

ligand. The PPP1R15A protein was attached to the BLI sensor through the N-
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terminal biotinylated tag and the system registered changes in signal upon PP1 

binding, whose binding site is in close proximity. However, the G-actin binding site 

is in a more C-terminal position in the PPP1R15A sequence (~30 residues separate 

the N-terminal biotinylated tag from the G-actin binding site) and the 

conformational changes happening in this ~30-amino acid stretch of PPP1R15A 

could have affected the response of the system to the direct PPP1R15A-G-actin 

interaction. To solve this problem, measurements of G-actin affinity required a two-

step procedure. First, PP1γ was bound to PPP1R15A533-624 until steady-state was 

reached (to reduce the flexibility of the PPP1R15A aminoacids situated between the 

N-terminal tag and the G-actin binding site) and then, the sensor loaded with the 

binary complexes was dipped into solutions containing G-actin and saturating 

concentrations of PP1γ. The signal measured was insensitive to changes in the 

PP1/PPP1R15A complex (because this interaction had reached steady-state and 

PP1γ was at a constant saturating concentration throughout the experiment) and 

hence, the signal obtained reflected only the binding of G-actin to the binary 

complex. The affinity measurements of G-actin (Figure 2.20A & B) showed a robust 

association-dissociation signal and allowed the calculation of kinetic parameters 

(koff = ~3.5±0.5 min-1 and Kd = ~149±2 nM). The high Kd of G-actin compared to its 

EC50 value (150 and 8.5 nM, respectively), could be explained by the same steric 

hindrance considerations noted above and by the presence of substrate in the 

enzymatic reactions, which was absent in the binding assay.  
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Figure 2.20. Affinity of G-actin for PP1/PPP1R15A complex analysed by Bio-Layer Interferometry 

(BLI). 

 (A) Plot of Bio-Layer Interferometry (BLI) signal against time of a representative experiment (performed 

three times) in which immobilized PPP1R15A533-624 was first exposed to PP1 (200 nM), before being 

exposed to a solution of both PP1 (200 nM) and G-actin (400 nM) (blue trace). The fitting curve using the 

“association then dissociation” model in GraphPad Prism v7 is shown in red. Vertical dashed line marks 

the beginning of the dissociation phase. Table summarizes kinetic parameters extracted from fitting curves 

of three repeats of the experiment shown on the left panel (mean ± SD). The cartoon depicts the experiment 

setup (B) As in “A” but the immobilized PPP1R15A533-624 was exposed to PP1 (200 nM) followed by 

G-actin (100, 200 and 400 nM). The fitting curve using the “association only” model in GraphPad Prism 

v7 is shown in red. The table summarizes kinetic parameters extracted from the fitting curves of the 

experiment shown on the left panel.  

2.8 Point mutagenesis of PPP1R15A 

Sequence alignment of the C-terminal portion of the PPP1R15 regulatory subunits 

shows that this region of the proteins is highly conserved, and in particular some 

residues within it are invariant (Figure 1.9 and Figure 2.1, residues highlighted with 

asterisks).  

One of this residues, valine 556, forms part of the RVxF motif present in many PP1 

interactors (Egloff et al., 1997), and it is known to be essential for the binding to the 

phosphatase (Brush et al., 2003). However, the role and importance of other 

invariant residues remained unknown. Therefore, single-residue mutants of 
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PPP1R15A533-624 were created and tested for their capacity to stimulate the 

phosphatase activity (compared to wild type, Figure 2.18A) and for their binding 

affinity to the phosphatase components.  

Before targeting other residues that could bring unknown outcomes, valine556 was 

mutated to serve as a control. As expected, PPP1R15AV556E did not stimulate specific 

eIF2αP dephosphorylation in vitro (Figure 2.21A) 

Mutations in two other invariant residues of PPP1R15A, triptophan582 and 

phenylalanine592, have been shown to impair the ability of the regulatory subunit 

to counteract the stress-induced CHOP::GFP expression in cells [(Chen et al., 2015), 

figure 6S1A therein]. Accordingly, increasing concentrations of these mutated 

regulatory subunits (PPP1R15AW582A and PPP1R15AF592A) did not increase the rate 

of eIF2αP dephosphorylation (Figure 2.21B & C) 
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Figure 2.21. Ternary complexes constituted with point mutants of PPP1R15A affect eIF2αP 

dephosphorylation. 
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(A) Upper panel. Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to 

eIF2α0 in 20 min dephosphorylation reactions (at 30° C) constituted with eIF2αP (2 μM), PP1γ (32 nM), G-

actin (400 nM) and escalating concentrations of PPP1R15A533-624(V556E). Shown is a representative 

experiments of three independent experiments. The position of the mutation is provided in the schema 

Lower panel. Semi-log10 plot of the percentage of eIF2αP dephosphorylation (% dP) against PPP1R15A533-

624(V556E) concentrations derived from three experiments performed (one shown above). (B) As in “A” 

but using human PPP1R15A533-624(W582A) and G-actin (3.7 mM) (Note: only the highest concentration of 

PPP1R15A was assayed three times). (C) As in “A” but using human PPP1R15A533-624(F592A) and G-actin 

(3.7 mM) (Note: only the highest concentration of PPP1R15A was assayed three times). 

 

The fourth variant created was PPP1R15AR578A, a mutation that is shown to 

destabilize PP1 binding and to cause a syndromic form of diabetes mellitus when it 

occurs on its human PPP1R15B counterpart (PPP1R15BR658C) (Abdulkarim et al., 

2015). Titration experiments with the PPP1R15AR578A mutant resulted in a ~5-fold 

increase in EC50 compared to wild-type (consistent with destabilized PP1 binding) 

(Figure 2.22A) and even at saturating concentrations, the maximal stimulatory 

effect was three times lower than that observed with the wild-type protein (Figure 

2.22B). Its ability to form a ternary complex with G-actin was only partially affected 

as the EC50 of G-actin was very similar to the wild-type (only ~2-fold higher) (Figure 

2.22C). 
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Figure 2.22. Functional comparison between ternary complexes constituted with wild-type human 

PPP1R15A533-624 and PPP1R15A533-624(R578A)  

(A) Upper panel. Coomassie-stained PhosTag-SDS-PAGE tracking the dephosphorylation of eIF2αP to 

eIF2α0 in 20 min dephosphorylation reactions (at 30° C) constituted with eIF2αP (2 μM), PP1γ (32 nM), G-

actin (400 nM) and escalating concentrations of PPP1R15A533-624(R578A). Shown is a representative 

experiment of three independent experiments. The position of the mutation is provided in the schema. The 
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EC50 was calculated using the ”[Agonist] vs. response - variable slope (four parameters)” function in 

GraphPad Prism v7. The grey lines represent the 95% confidence interval of the fitting. Shown are values 

obtained for EC50 and information of goodness of the fit (r2). Lower panel. Semi-log10 plot of the 

percentage of eIF2αP dephosphorylation (% dP) against PPP1R15A533-624(R578A) concentrations derived 

from three independent experiments (one of them shown above). (B) Upper panel. Coomassie-stained 

PhosTag-SDS-PAGE gel corresponding to a time-course of eIF2αP dephosphorylation using low 

concentration of PP1 (0.625 nM), saturating concentrations of G-actin (400 nM), and wild-type (100 nM) 

or mutant human PPP1R15A533- 624(R578A) (100 nM in one assay and 200 nM in the two other assays). 

Shown is a representative experiment of three independent experiments. Lower panel. Plot of the fraction 

of substrate dephosphorylated against time derived from three independent experiments (one of them shown 

above). The slope of the reaction was derived by fitting the data to a linear model in GraphPad Prism v7. 

(C) As in “A” but with saturating concentration of PPP1R15A533-624(R578A) (100 nM) and escalating 

concentrations of G-actin. Shown is a representative experiment of three independent experiments. The plot 

of initial velocity against G-actin concentrations derived from three independent experiments (one of them 

shown) is below the SDS-PAGE gel image. 

 

The residues mutated in the PPP1R15A protein are located at the C-terminal 

conserved region of the regulatory subunit, which is highly similar in PPP1R15B. 

Therefore, these residues have counterparts in PPP1R15B and some of them were 

visible in the crystal structure (Figure 2.23). The crystal structure of PP1/PPP1R15B 

showed that the valine residue of the RVxF motif (V641 in PPP1R15B or V556 in 

PPP1R15A, Figure 2.23, red residue and sticks) is inserted in a surface pocket of PP1. 

The other conserved mutated residues (R658 in PPP1R15B or R578 in PPP1R15A 

and W662 in PPP1R15B or W582 in PPP1R15A, Figure 2.23 green and orange 

residues and sticks), whose mutation affected the function of the PPP1R15A protein, 

also appeared to be engaged in PP1 interactions in the crystal structure. Therefore, 

it seemed possible that the mutations of these conserved residues of PPP1R15A 

were causing a disruption on the phosphatase complex formation by removing 

anchoring points of the PP1 surface. Although the phenylalanine residue (F672 in 

PPP1R15B or F592 in PPP1R15A) was absent in the crystal structure, a G-actin 

binding impairment of the PPP1R15AF592A mutant could explain its lack of function. 

To test this hypothesis, the mutants were analysed by BLI.  
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Figure 2.23. Position of key conserved PPP1R15 residues in the PP1/PPP1R15B crystal structure.  

(A) Amino acid sequence corresponding to the C-terminal conserved region of PPP1R15A and PPP1R15B 

proteins. The numbers refer to the position of these specific residues in the two protein sequences (residues 

that have been mutated in the PPP1R15A sequence) and the colours are in accordance with the cartoon 

representation of these residues in the crystal structure presented in “B”. (B)  Cartoon representation of PP1 

(grey surface) and PPP1R15B (blue cartoon) with conserved residues highlighted: valine641 in red, 

arginine658 in green and tryptophan662 in orange. Left panel represents a view from the catalytic site 

(where the metal ions are represented by pink spheres) and the right panel represents an 180-degree rotated 

view.  

 

All these mutants were assessed in their ability to bind PP1γ and G-actin by BLI 

(Figure 2.24A & B). PPP1R15AV556E was the only mutant unable to bind to PP1γ, 

whilst its G-actin binding was unaffected. This result was supported by cellular 

pull-down experiments done with tagged PPP1R15A proteins (Chambers et al., 

2015). Similarly, PPP1R15AF592A showed a conspicuous difference of G-actin binding 

compared to the wild-type protein (Figure 2.24B) but normal PP1γ binding. 

Therefore, the impaired enzymatic activity of these mutants can be explained by 

their deficiency of binding to one of the two required components to form the active 

ternary complex.  

Although the R578A and the W582A mutations in PPP1R15A had a deleterious effect 

on enzyme activity, they were not affected in the binding to any of the enzymatic 

components. This result was very surprising, especially in the case of arginine578 

given that the structural information suggests that this residue (R658 in PPP1R15B 
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in the crystal structure) engages a deep pocket on the PP1 surface, occupying the 

same position as spinophilin R469 and PNUTS R420 and therefore, its mutation was 

expected to affect the binding of the PPP1R15A and PP1 proteins. However, these 

results were consistent with the observed ability of these mutants (in arginine and 

tryptophan residues) to co-purify with the catalytic subunit using an E. coli 

expression system [(Chen et al., 2015), Figure 6 therein]. These experiments suggest 

that the effect of these mutations, which affected enzyme activity but not enzyme 

assembly, could be allosteric. Thus, a subtle change in the disposition of the three 

enzymatic components (caused by a point mutation in the regulatory subunit) could 

be affecting the enzyme’s activity without interfering with the binding of the 

enzymatic components.  
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Figure 2.24. The effect of human PPP1R15A mutations on the affinity of the components of the 

tripartite holophosphatase for one another analysed by Bio-Layer Interferometry (BLI). 

(A) Plot of Bio-Layer Interferometry (BLI) signal against time of a representative experiment (performed 

three times) in which immobilized wild-type and indicated mutant PPP1R15A533-624 proteins were exposed 

to PP1 (40 nM) in solution (thick traces). The fitting curve using the “association then dissociation” model 

in GraphPad Prism v7 is shown in thin red line. Vertical dashed line marks the beginning of the dissociation 

phase. The table summarizes kinetic parameters extracted from fitting curves of three independent 

experiments (one shown on left panel) (mean ± SD). (B) As in “A” but the immobilized wild-type and 

mutant PPP1R15A533-624 probes were first exposed to PP1 (200 nM), before being exposed to a solution 

containing both PP1 (200 nM) and G-actin (400 nM). Shown is a representative experiment of three 

independent experiments.  
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2.9 The in vitro role of the N-terminal extension of PPP1R15A 

The N-terminal portion of PPP1R15A, which is not as well-conserved as the 

C-terminal portion, has been assigned roles in protein stability (Brush and 

Shenolikar, 2008) and cellular localisation (Zhou et al., 2011) as well as 

eIF2-substrate recruitment in cells (Choy et al., 2015) and in vitro (Carrara et al., 

2017).  

The substrate recruitment ability of PPP1R15A has been mapped to the proline (P), 

glutamic acid (E), serine (S) and threonine (T) repeat-containing region (also known 

as PEST repeats) (Figure 2.17) (Carrara et al., 2017; Choy et al., 2015). Carrara et al. 

proposed that PPP1R15A constructs containing this PEST region stimulate the 

eIF2αP-directed PP1 enzymatic activity in vitro and suggested that G-actin is a 

dispensable component (Carrara et al., 2017). Therefore, an N-terminally extended 

PPP1R15A construct was created to analyse if this extension stimulates the 

eIF2αP-directed PP1 phosphatase activity.  

This N-terminally extended PPP1R15A construct (PPP1R15A325-636-MBP), 

comprises the same residues as the construct used in Carrara et al., and was 

engineered to contain the PEST-repeats region but to lack the N-terminal portion 

known to affect the protein purification (Mikami et al., 2010). In addition, the 

construct carried a C-terminal MBP tag to improve the protein solubility (see 

cartoon Figure 2.17). Because of its proposed substrate recruitment ability, the 

PPP1R15A325-636-MBP construct was expected to have a better stimulatory effect 

(lower EC50 value) than its shorter counterpart (PPP1R15A533-624-MBP). However, 

addition of escalating concentrations of PPP1R15A325-636-MBP to PP1γ-mediated 

eIF2αP dephosphorylation reactions showed a similar stimulatory effect 

(EC50= 6 nM) (Figure 2.25A) than its shorter version without the PEST region 

(EC50= 4.5 nM) (Figure 2.18A). Thus, at least by comparing the ability to stimulate 

the phosphatase activity, the use of a PEST-containing PPP1R15A construct was not 

observed to enhance the phosphatase activity compared to non-PEST-containing 

protein. 

In the study from Carrara et al., the eIF2αP dephosphorylation reactions were 

performed with a different PP1 isoform (PP1α) and their PPP1R15A325-636 construct 

was MPB-tagged at the N-terminal position. To assess whether these differences 
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might have been the cause of the discrepancies, the same PP1 catalytic subunit and 

N-terminally MBP-tagged regulatory subunits were purified according to the 

Carrara et al. protocol (see more details in section 2.10). In the previous experiment, 

the substrate recruitment ability of PPP1R15A was assessed by comparing the 

stimulatory capacity of PPP1R15A533-624-MBP and PPP1R15A325-636-MBP on 

PP1-mediated eIF2αP dephosphorylation. The same PP1 stimulatory effect of both 

constructs could have been misinterpreted if, despite having higher substrate 

affinity, the PEST-containing PPP1R15A construct used had different features 

compared to the non-PEST-containing one (e.g., different contaminants, different 

tendency to aggregate or different auto-inhibitory capacity), resulting in similar net 

stimulation of eIF2αP-dephosphorylation by both proteins. Thus, the substrate 

recruitment ability of PPP1R15A was analysed by a competition assay. 

In this assay, eIF2α dephosphorylation reactions were performed at fixed 

concentrations of the N-terminally extended PPP1R15A construct, 

(MBP-PPP1R15A325-636, Figure 2.17) and with increasing concentrations of 

competitor, a PPP1R15A construct that contained only the PEST-containing N-

terminal region but lacked the functional PP1 and G-actin binding region (MBP-

PPP1R15A325-512). Thus, if the stimulatory activity of the regulatory subunit would 

be mediated by the PEST repeats, it would be inhibited by the addition of excess 

amount of competitor. The competitor, MBP-PPP1R15A325-512, was added up to 8 

μM, a >300-fold excess over the MBP-PPP1R15A325-636 functional regulatory subunit 

(added at 24 nM). The concentration of competitor was also ~16-fold above the 

reported Kd of PPP1R15A for eIF2α (Kd = 0.6 μM, Carrara et al., 2017). Under these 

conditions, only minimal inhibition of the phosphatase activity was detected in the 

eIF2αP dephosphorylation reactions upon addition of the highest MBP-

PPP1R15A325-512 concentration (Figure 2.25B). This result suggests that the PEST 

region of PPP1R15A plays a secondary role in the kinetics of the in vitro eIF2α 

dephosphorylation reactions. However, the highest concentration of competitor 

added (8 μM of MBP-PPP1R15A325-512), exceeded only by 4-fold the concentration of 

substrate (2 μM of eIF2αP) and it is possible that a greater inhibition by the 

competitor would have been observed if it were used at higher concentration.  
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Figure 2.25. Effect of the PEST-repeat region of PPP1R15A on eIF2αP dephosphorylation. 

(A) Upper panel. Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to 

eIF2α0 in 20 min dephosphorylation reactions (at 30° C) constituted with eIF2αP (2 μM), PP1γ (0.625 nM), 

G-actin (1.5 μM) and escalating concentrations of PPP1R15A325-636. Shown is a representative experiment 

of three independent experiments. Lower panel. Semi-log10 plot of the percentage of eIF2αP 

dephosphorylation (% dP) against PPP1R15A325-636 concentrations derived from three independent 

experiments (one of them shown above). The EC50 was calculated using the ”[Agonist] vs. response - 

variable slope (four parameters)” function in GraphPad Prism v7. The grey lines represent the 95% 

confidence interval of the fitting. Shown are values obtained for EC50 and information of goodness of the 

fit (r2). (B) As in “A” but using PP1α (24 nM) in presence of MBP-PPP1R15A325-636 (24 nM), G-actin (400 

nM) and increasing concentrations of MBP-PPP1R15A325-512 as a competitor (0-8 μM). The assays were 

performed during 20 min at 30˚C. Lane 8, loaded with only MBP-PPP1R15A325-512 shows the absence of a 

species co-migrating with eIF2α0 (which might otherwise obscure an inhibitory effect on 

dephosphorylation). Lanes 9 and 10 control for the dependence of enzymatic activity on PPP1R15A and 

G-actin in this experiment. Quantification of percentage of dephosphorylation is shown below the image. 

Shown is a representative experiment of two independent repetitions performed. 
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2.10  Stimulatory effect of G-actin on different PP1 isoforms 

and PPP1R15A protein preparations.  

Based on the results shown in this report, PP1 would require the presence of both 

the PPP1R15A regulatory subunit (only the C-terminal region) and G-actin to 

specifically dephosphorylate eIF2αP. However, Carrara et al. (Carrara et al., 2017) 

challenged this idea by proposing that the sole addition of N-terminally extended 

PPP1R15A is sufficient to provide PP1 with specificity towards eIF2αP. They 

proposed that the different PP1 isoforms and their purification methods are the 

main cause of discrepancies between the two models. Previous studies also showed 

that the enzymatic activity of PP1 purified from E. coli may differ from PP1 obtained 

from animal tissues, as they show different substrate specificity and sensitivity to 

regulatory subunits (Peti et al., 2013). Therefore, we set out collaborations with 

other laboratories that produced different PP1 isoforms to analyse whether 

stimulatory effect of G-actin was an artefact observed only with PP1γ isoform 

purified according to our method. 

Native PP1 (PP1N) was purified from rabbit skeletal muscle in the laboratory of 

Mathieu Bollen (DeGuzman and Lee, 1988). Increasing amounts of PP1N (a mixture 

of PP1α, PP1β and PP1γ isoforms) as well as the previously used PP1γ preparation 

were loaded on an SDS-PAGE gel (Figure 2.26A). The PP1N preparation gave rise to 

two main bands at the expected PP1 size (33 KDa). Analysis of both bands by tryptic 

digestion and mass spectrometry using Maxquant with iBAQ (intensity based 

absolute quant) identified the following species: tropomyosin (a contaminant 

species) and α, β and γ PP1 isoforms. Band quantification of the SDS-PAGE gel and 

mass-spectrometry data were used to calculate the relative amount of catalytic 

subunit in PP1N compared to the reference preparation, PP1γ. This PP1N 

preparation was then used in in vitro eIF2α dephosphorylation reactions.  

The activity of PP1N, used at low concentration to minimize the contribution of the 

dephosphorylation reaction from the apo enzyme (lanes 1-4 in upper panel or black 

lines in middle and bottom panels, Figure 2.26B), was not affected by the addition 

of an PEST-containing PPP1R15A (PPP1R15A325-636-MBP) (lanes 5-8, green line) or 

G-actin alone (lanes 13 and 14), but it was conspicuously stimulated by the 

combined addition of both proteins (lanes 9-12, red line). Together, PPP1R15A and 
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G-actin were shown to increase the enzyme’s velocity by ~5-fold (compare black to 

red dots in lower panel, Figure 2.26B).  

 

Figure 2.26. The eIF2α phosphatase activity of native PP1 is stimulated by PPP1R15A and G-actin. 

(A) Coomassie-stained SDS-PAGE gel on which different amounts of PP1 sample have been resolved. The 

PP1N preparation gave rise to two bands: a PP1 and a tropomyosin band. The PP1γ preparation contained 

some free Glutathione S Transferase (GST) and GST-PP1 fusion protein from the purification steps, as well 

as other minor contaminants (*). The PP1 concentration in the different preparations is shown below the 

panels, and was calculated using PP1γ as a reference. (B) Upper panel. Coomassie-stained PhosTag-SDS-

PAGE gel loaded with samples of dephosphorylation reactions (30 min at 30˚C) in which 2 μM eIF2αP was 

dephosphorylated by PP1N purified from rabbit skeletal muscle in the presence or absence of PPP1R15A325-

636-MBP (50 nM) and/or G-actin (400 nM). Shown is a representative experiment of two independent 

experiments. Middle panel. Plot of amount of eIF2α0 produced per time (Product/time) against PP1N 

concentrations of data extracted from lanes 1 to 12 of experiment above. Bottom panel. Plot of the velocity 

of each enzyme relative to the mean of velocity of PP1 alone calculated from all the informative reactions 

of two independent experiments. Statistical significance derived from Mann-Whitney test (ns, non-

significant, p > 0.05; ***, p≤ 0.001). 



96 
 

Moreover, a detailed titration of PPP1R15A325-636-MBP (Figure 2.27A) and of G-actin 

(Figure 2.27B) showed similar EC50 values than those obtained with PP1γ (Figure 

2.18 and Figure 2.25). Therefore, native PP1N (purified from rabbit muscle) 

exhibited the same response to G-actin than recombinant PP1γ purified from 

bacteria. 

 

Figure 2.27. PPP1R15A and G-actin stimulate the eIF2α phosphatase activity of native PP1 in a 

concentration-dependent manner. 

(A) Upper panel. Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to 

eIF2α0 in 20 min dephosphorylation reactions (at 30°C) constituted with eIF2αP (2 μM), PP1N (20 nM), G-

actin (400 nM) and escalating concentrations of PPP1R15A325-636. Shown is a representative experiment of 

three independent experiments. Lower panel. Semi-log10 plot of the percentage of eIF2αP 

dephosphorylation performed over 30 min (% dP/30 min) against PPP1R15A325-636 concentrations of three 

independent experiments (one of them shown above). The EC50 was calculated using the ”[Agonist] vs. 

response - variable slope (four parameters)” function in GraphPad Prism v7. The grey lines represent the 

95% confidence interval of the fitting. Shown are values obtained for EC50 and information of goodness of 

the fit (r2). (B) As in “A” but using fixed concentrations of PP1N (20 nM) and PPP1R15A325-636-MBP (50 

nM) and varying the concentrations of G-actin (1-2000 nM). Shown is a representative experiment of three 

independent experiments. 

A similar analysis was performed using PP1α (a gift from the laboratory of Wolfgang 

Peti), which was purified following the same procedure as in the study of Carrara et 

al. The use of this phosphatase catalytic subunit combined with the N-terminally 

MBP-tagged PEST-containing PPP1R15A construct (to more closely mimic 

conditions in that study) showed the same result: only the combined addition of 
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PPP1R15A and G-actin stimulated the eIF2α-directed phosphatase activity (Figure 

2.28). 

 

Figure 2.28. G-actin stimulates PPP1R15A-dependent eIF2αP dephosphorylation by PP1α. 

(A) As in Figure 2.26A, but using PP1α. (B) As in Figure 2.26B but using PP1α as the catalytic subunit, 

MBP-PPP1R15A325-636 (50 nM) and G-actin (400 nM). Shown is a representative experiment of two 
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independent experiments. (C) As in Figure 2.27A but using recombinant PP1α purified from bacteria 

(24 nM) and increasing concentrations of MBP-PPP1R15A325-636 (0-100 nM). Shown is a representative 

experiment of three independent experiments. 

 

To try to understand the differences between the two studies, further comparison 

of the experimental conditions was done. In addition to the source and purification 

method of the catalytic subunit and the MBP-tag position on the regulatory subunit, 

the dephosphorylation reactions in Carrara et al. were conducted over long 

incubation times (16 hours), compared to the ~30-minute incubations applied here.  

Prior to performing the dephosphorylation reactions over such long incubation 

times, a stability test on PP1α catalytic subunit was performed (Figure 2.29A). PP1α 

was pre-incubated at either 30ᵒC (temperature at which the dephosphorylation 

reactions occur) or on ice for 0-7 hours. Then, the protein was added to the 

dephosphorylation reactions performed over 20 min (Figure 2.29A, upper panel). 

This test showed that PP1α, in absence of other components, lost half of its activity 

after 1-hour incubation at 30ᵒC and all the activity after 3 hours incubation at 30ᵒC 

(Figure 2.29A, right part of middle panel and red line in lower panel) compared to 

enzyme that was kept on ice (left part of middle panel and blue line in lower panel).  

The in vivo data shows that eIF2αP dephosphorylation is a rapid event in cells, with 

a T1/2< 10 min in cultured mouse fibroblasts [(Chambers et al., 2015), Figure 6 

therein] and similar value observed in Chinese hamster ovary cells (see section 

3.2.3). Hence, short incubations of the in vitro dephosphorylation reactions should 

be done in order to resemble more closely cellular conditions. However, the 

dephosphorylation reactions shown in Carrara et al. were done over 16 hours. The 

enhanced activity of PP1α in presence of PPP1R15A observed in Carrara et al. could 

be explained by a stabilizing effect (rather than a stimulatory effect) of PPP1R15A 

on the catalytic subunit. In order to detect such a potential stabilizing effect, 

escalating concentrations of PP1N (Figure 2.29B) and PP1α (Figure 2.29C) were 

used in eIF2αP dephosphorylation reactions performed over 16 hours in presence 

or absence of PPP1R15A325-636-MBP and MBP-PPP1R15A325-636, respectively.  
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Figure 2.29. In the absence of G-actin, PPP1R15A is unable to stimulate eIF2αP dephosphorylation. 
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(A) Upper panel. Schema of the experiment. Samples of PP1α (at 240 nM) were pre-incubated for the 

indicated period of time, either on ice or at 30˚C, before being diluted into an eIF2αP dephosphorylation 

reactions. Middle panel. Coomassie-stained PhosTag-SDS-PAGE gel loaded with samples from 

dephosphorylation reactions (20 min at 30˚C) in which 2 μM eIF2αP was dephosphorylated by the 

pre-incubated PP1α (60 nM) in presence of MBP-PPP1R15A325-636 (60 nM) and G-actin (400 nM). Lower 

panel. Plot of the percentage of dephosphorylation of eIF2αP over 20 min (%dP/20 min) against pre-

incubation time of PP1α catalytic subunit of dephosphorylation reactions shown on middle panel. (B) Upper 

panel. Coomassie-stained PhosTag-SDS-PAGE gel loaded with dephosphorylation reactions (16 hours at 

30˚C) in which 2 μM eIF2αP was dephosphorylated by the indicated concentration of PP1N in the presence 

or absence of PPP1R15A325-636-MBP (50 nM). Quantification of percentage of dephosphorylation (%dP) is 

shown below the image. Shown is a representative experiment of two independent experiments performed. 

Lower panel. Plot of the percentage of dephosphorylation of eIF2αP over 30 min (%dP/ 30 min) against 

PP1N concentrations of reactions shown in experiment on upper panel and two other independent 

experiments. (C) As in “B” but using PP1α as the source of catalytic subunit and MBP-PPP1R15A325-636 

(50 nM) as the regulatory subunit. Shown is a representative experiment of two independent experiments. 

Regardless of the catalytic subunit used, the position of the MBP-tag or the length of 

incubation, the results showed a consistent PP1-dependence on both PPP1R15A and 

G-actin in order to specifically dephosphorylate eIF2αP. 

 

2.11  Effect of buffer composition on PP1 enzymatic activity  

As presented above, the contradictory results from Carrara et al. (which suggests 

the PEST-containing PPP1R15 as the only protein required to provide PP1 with 

eIF2αP-specific phosphatase activity) and this report (which suggests the need of 

both PPP1R15 and G-actin) could not be explained by the difference in proteins used 

and incubation times. However, further comparison of the two studies revealed that 

there were also differences in the composition of the buffers used.  

The composition of the buffer used for the purification procedure of PPP1R15A as 

well as the dephosphorylation reaction buffer in Carrara et al. study differed from 

the ones used in our laboratory. Therefore, dephosphorylation reactions 

reproducing as closely as possible the buffer conditions in Carrara et al. were 

performed to assess the effect that it might have on the phosphatase activity. First, 

the same salt-free, low ionic strength dephosphorylation reaction buffer from 

Carrara et al. ( 50 mM Tris-HCl pH 7.4, 1.5 mM EGTA, 2 mM MnCl2) was used, with 

the only exception of adding 0.5 mM TCEP (a reducing agent not present in the study 

by Carrara et al.) to avoid oxidative inactivation of the catalytic subunit. Second, the 

catalytic subunit used was the previously mentioned recombinant PP1α from E. coli 

purified according to the Carrara et al. protocol. Third, the same PPP1R15A 

construct from Carrara et al. (a gift from the laboratory of Anne Bertolotti) was 
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purified according to their method and used in the reactions. This construct is 

referred here as MBP~PPP1R15A325-636 to be distinguished from the previously one 

used (MBP-PPP1R15A325-636) that differ only in the length of the linker between the 

MBP-tag and the R15A protein sequence (alignment of sequences in Figure 2.30, 

cartoon in Figure 2.17). 

 

Figure 2.30 Alignment of protein sequence of the N-terminally MBP tagged PPP1R15A325-636 

constructs used 

2258 refers to MBP~PPP1R15A325-636 and 2260 refers to MBP-PPP1R15A325-636, these numbers correspond 

to the plasmid number assigned to their expression vectors (Table 6.2).The protein sequence of the 

PPP1R15A constructs has been highlighted into coloured segments to differenciate parts of the protein: 

MBP tag in green, N-terminal extension of PPP1R15A in yellow, PP1 binding region of PPP1R15A in red 

(position 555 to 582 in wild-type protein) and G-actin binding site in blue (position 583 to 624 in wild-type 

protein). The linkers connecting the MBP and the His6 tag are highlighted in black.  

 

The PP1α-mediated eIF2αP dephosphorylation reactions performed in this low ionic 

strength buffer (which contained only ~15mM NaCl contributed by the different 

protein preparations used) were conspicuously stimulated ~2-fold upon addition of 
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PPP1R15A, and retained the ~5-fold stimulation by the co-addition of PPP1R15A 

and G-actin (lanes 1-3, Figure 2.31A). However, when the eIF2αP dephosphorylation 

reactions were supplemented with additional salt to reach more physiological 

conditions (100 mM NaCl), the catalytic subunit was inert to the sole addition of 

regulatory subunit whilst it maintained the stimulatory response upon addition of 

PPP1R15A and G-actin (lanes 4-6, Figure 2.31A). This effect, described for eIF2αP 

dephosphorylation reactions in which PP1α was used at low concentration (25 nM, 

lanes 1-6), was also observed at a higher catalytic subunit concentration (100 nM, 

lanes 7-12, Figure 2.31A). To assess whether the ~2-fold stimulatory effect of 

PPP1R15A observed was due to the particular PPP1R15A construct used, eIF2αP 

dephosphorylation reactions were repeated using the previously described 

MBP-PPP1R15A325-636 and PPP1R15A325-636-MBP proteins, obtaining the same 

result (Figure 2.31B).  



103 
 

 

Figure 2.31. PPP1R15A325-636 accelerates eIF2αP dephosphorylation by PP1α in a low ionic strength 

buffer.  

(A) Upper panel. Coomassie-stained PhosTag-SDS-PAGE gel loaded with samples of dephosphorylation 

reactions (30 min at 30˚C) in which 2 μM eIF2αP was dephosphorylated by PP1α (25 or 100 nM) in the 

presence or absence of MBP~PPP1R15A325-636 (1 μM) with or without G-actin (400 nM) in low (15 mM 

NaCl) or physiological (100 mM NaCl) ionic strength buffer. Shown is a representative experiment of three 

independent experiments. Lower panel. Plot of the percentage of eIF2αP dephosphorylation (%dP) at the 

different conditions of the experiment above and the two other experiments performed. Statistical 

significance derived from paired two tailed t-test, (ns, non significant, p > 0.05; *, p ≤ 0.05; **, p≤ 0.01). 

(B) As in “A” but using PPP1R15A325-636-MBP (200 nM), MBP~PPP1R15A325-636 (200 nM) or 

MBP-PPP1R15A325-636 (200 nM) as regulatory subunits with and without G-actin (400 nM) in low (15 mM 

NaCl) ionic-strength buffer. 



104 
 

Consistent with the data reported in Carrara et al., the ~2-fold stimulatory effect of 

PPP1R15A on PP1 catalytic activity in eIF2αP dephosphorylation reactions was 

restricted to a PEST-containing N-terminally extended version of the protein. This 

was evident in an experiment in which PPP1R15A533-624-MBP (comprising only the 

conserved C-terminal part of the regulatory subunit) showed no effect on the 

phosphatase activity under low-ionic strength conditions (Figure 2.32A). Also, in 

agreement with Carrara et al., the PPP1R15A stimulatory effect was limited to 

eIF2αP and not observed with other substrates (Figure 2.32B). 

 

Figure 2.32. PPP1R15A requires its N-terminal extension to specifically accelerate eIF2αP 

dephosphorylation by PP1α in a low ionic strength buffer. 

(A) As in Figure 2.31A but using PPP1R15A533-624-MBP (200 nM). Shown is a representative experiment 

of three independent experiments. (B) As in Figure 2.31A but using GSTP (2 μM) as substrate. 
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These experiments suggest that the salt content in the buffer used for the 

dephosphorylation reactions is an important parameter that influences significantly 

the phosphatase activity of PP1. These results are in accordance with previous 

studies that show dependence of PP1 activity on salt conditions (Hurbard and 

Cohen, 1989; Vulsteke et al., 1997). Further discussion is provided in section 5.3. 

 

2.12  Conclusion 

The characterization of the eIF2α phosphatase by structural, functional and binding 

assays revealed that the regulatory subunit PPP1R15A binds to PP1 and G-actin to 

promote specific dephosphorylation of the eIF2α substrate in vitro. This stimulatory 

activity of the regulatory subunit (in presence of G-actin) was abolished by 

mutations that interfered with the binding of any of the enzymatic components (PP1 

or G-actin) or that potentially induced allosteric changes in the ternary phosphatase 

complex. 

These features were observed regardless the source of PP1, the length and solubility 

tags of the PPP1R15A regulatory subunit, incubation time of the reactions and 

buffers used. Additionally, this is consistent with results of experiments performed 

in cells, in which G-actin appears to have an important role in the eIF2α 

dephosphorylation (Chambers et al., 2015). Therefore, these results seem to be very 

robust and in accordance with observations in cells.   
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Chapter 3 Analysis of proposed eIF2 phosphatase 

inhibitors 

The phosphorylation of eIF2 (the key event in the activation of the Integrated Stress 

Response, ISR) triggers vast translational and transcriptional changes in the cell, 

allowing survival under stress conditions. Similarly important is the 

re-establishment of basal conditions once the stress is over, which requires the 

dephosphorylation of eIF2. Therefore, regulating both the kinases and phosphatases 

that act on eIF2 is essential to maintain the appropriate levels of phosphorylated 

eIF2 and its consequences (Pakos‐Zebrucka et al., 2016).  

Imbalances in the eIF2P-eIF20 equilibrium, caused by inactivation of either eIF2 

phosphatases or kinases, can have pathological consequences ( Harding et al., 2009) 

but, nonetheless, it has also been suggested to be beneficial in some circumstances. 

For example, genetic ablation of the PPP1R15A regulatory subunit was shown to be 

beneficial under certain ER-stress conditions (Marciniak, 2004). Either to revert 

diseases caused by imbalances in this cellular response or to mimic the beneficial 

conditions observed by genetic ablation of the ISR components, the controlled 

manipulation of the ISR seems to be a useful achievement (Pakos‐Zebrucka et al., 

2016). In that regard, several compounds have been proposed as ISR modulators 

and this section of the report focuses on those being proposed to act as eIF2 

phosphatase inhibitors. 

Guanabenz, an α2-adrenergic receptor agonist used in the treatment of 

hypertension, was proposed to restore proteostasis on stressed cells by interfering 

with the PP1/PPP1R15A phosphatase complex (Tsaytler et al., 2011). However, its 

therapeutic application is limited due to undesired effects (such as drowsiness), 

which are caused by its activity as an agonist of the α2-adrenergic receptor. Sephin1, 

a Guanabenz derivative, was suggested to retain its effect on the PP1/PPP1R15A 

phosphatase whilst lacking the affinity for the α2-adrenergic receptor. For that 

reason, Sephin1 has been proposed as a better potential phosphatase inhibitor that 

could ameliorate a broad range of diseases caused by accumulation of misfolded 

proteins (Das et al., 2015). 
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The previously described in vitro tools, developed for the study of the 

PP1/PPP1R15A/G-actin phosphatase complex, are also suitable to analyse the effect 

of Sephin1 (and Guanabenz) on the enzyme. This chapter reports on the results 

obtained from analysing the proposed phosphatase inhibitors both in vitro and in 

cells, with focus on Sephin1 due to its higher potential to be used as a therapeutic 

tool (compared to Guanabenz).  

 

3.1 In vitro 

3.1.1 Sephin1 analysed by Bio-Layer Interferometry 

Guanabenz and Sephin1 were initially proposed to inhibit the PP1/PPP1R15A 

phosphatase activity by disrupting the interaction between PP1 and PPP1R15A 

(with no effect on the closely related PPP1R15B-containing phosphatase complex) 

(Das et al., 2015; Tsaytler et al., 2011). Therefore, in order to characterize Sephin1, 

the first approach used was the analysis of enzymatic complex disassembly upon 

addition of the compound.  

The BLI assay, which was successfully used to detect disruption of complex 

formation between PP1 and PPP1R15A by single point mutants of PPP1R15A 

(section 2.8), was the method chosen. Initially, a PPP1R15A construct containing 

only the conserved C-terminal part, PPP1R15A533-624, was used as ligand (the 

protein that is immobilized on the sensor) and PP1 as an analyte (the protein in 

solution). PP1 was pre-incubated with Sephin1 at 50 µM, a concentration reported 

to disrupt cellular complex formation (Das et al., 2015). In this experimental setting, 

Sephin1 did not affect the association or dissociation of the two proteins (Figure 

3.1A & D). The compound was proposed to exert its activity by binding to PPP1R15A 

and its effect could have been masked in this experiment if PPP1R15A would have a 

lower Kd for PP1 than for Sephin1, in which case the binding of the two proteins 

would dominate over the binding of the regulatory subunit to the compound. To 

overcome this issue, the experiment was also done using PP1 as ligand and 

PPP1R15A533-624 (pre-incubated with or without 50 µM Sephin1) as analyte. Again, 

no effect of Sephin1 was observed (Figure 3.1B & D).  
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The PPP1R15A construct used in Das et al. contained an extended N-terminal region, 

which might have accounted for the difference observed between the experiments 

reported here and those presented by Das et al.. To assess that, the N-terminally 

extended PPP1R15A (PPP1R15A325-636) was used as an analyte in the BLI 

experiments. This protein was pre-incubated with Sephin1 or not, but again the 

interaction of the regulatory subunit and PP1 remained unaffected by Sephin1 

(Figure 3.1C & D).  

Despite the different kinetic parameters obtained when either the regulatory or the 

catalytic subunit were used as ligand or analyte (Figure 3.1D), the addition of 

Sephin1 to any of these combinations produced no alteration to the binding 

parameters of the proteins.  

 

Figure 3.1. Sephin1’s effect on PP1-PPP1R15A association analysed by Bio-Layer Interferometry 

(BLI). 

(A) Plot of BLI signal as a function of time of a representative experiment (of three independent 

experiments) performed with immobilized PPP1R15A533-624 (ligand) and PP1 (40 nM, analyte). Where 

indicated, the analyte was mixed with Sephin1 (50 µM), which was present during the binding phase of the 

experiment. (B) As in “A” but with biotinylated PP1 as the ligand and PPP1R15A533-624 as the analyte, in 

the absence or presence of Sephin1. (C) As in “A” but with biotinylated PP1 as the ligand and 

PPP1R15A325-636 as the analyte, in the absence or presence of Sephin1. (D) Table summarizing data 

extracted from fitting curves of three independent experiments (one of them shown above) (mean ± SD). 

To address the possibility that the unexpected results were due to problems in the 

particular batch of the compound, the identity and purity of the Sephin1 used in the 

experiments was checked by reversed-phase HPLC and mass spectrometry (Figure 
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3.2). This test proved that Sephin1 was intact. Therefore, despite the use of an intact 

compound, no changes in the binding between the catalytic and regulatory subunits 

were detected by BLI upon addition of Sephin1.  

 

Figure 3.2. Quality control of Sephin1.  

From left to right: Absorbance trace (at 254 nm) of Sephin1 resolved by reversed-phase HPLC and mass 

spectra of the minor early (blue) peak eluting at 1.14 min and the major later eluting (green peak) at 1.83 

min. The predicted structure, chemical formula and exact mass of Sephin1, are provided for reference. Data 

and figure by Peter Fischer.  

 

3.1.2 Sephin1 in in vitro dephosphorylation reactions 

To address if the lack of effect of Sephin1 in BLI experiments was due to the 

detection limits of that assay, Sephin1 was next tested in enzymatic assays that 

measure the activity of the holophosphatase. To that end, the compound was added 

to in vitro eIF2αP dephosphorylation reactions performed with the eIF2αP-specific 

ternary phosphatase complex, composed of PP1, PPP1R15A and G-actin. 

The in vitro eIF2αP dephosphorylation reactions were performed with phosphatase 

complexes containing the N-terminally extended (PEST-containing) PPP1R15A 

construct (PPP1R15A325-636-MBP), which was used by Das et al. This construct 

showed a concentration-dependent stimulatory effect on eIF2αP dephosphorylation 

in presence of G-actin (Figure 2.25) and was sensitive to tautomycin, an inhibitor of 
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the PP1 catalytic subunit (Cheng et al., 1987; MacKintosh and Klumpp, 1990), with 

an IC50 = 3 nM (Figure 3.3A). However, eIF2αP dephosphorylation reactions 

performed with PPP1R15A concentrations below its EC50 (to maximize the 

detection of a possible inhibitory effect) and with G-actin, were inert to titrations of 

Sephin1 (used from 0 to 50 µM) (Figure 3.3B). Guanabenz, the compound from 

which Sephin1 was derivatized, was also tested in the eIF2αP dephosphorylation 

reactions at 50 µM, but no inhibitory effect was observed either (Figure 3.3C). 

Another proposed phosphatase inhibitor, Salubrinal, (Boyce et al., 2005), caused a 

mild but reproducible inhibition of the phosphatase activity (inhibition = 22% ± 

2.045, unpaired t test, p<0.0001, n = 6) (Figure 3.3D), when used at 12 µM. Salubrinal 

could not be used at higher concentration due to conspicuous precipitation of the 

drug in the buffer used. Therefore, the mild inhibitory effect of this drug could have 

been caused by insolubility of the compound in the in vitro reactions, which may also 

affect the solubility of the proteins. Nonetheless, the latter experiment proved that 

the in vitro assay is sensitive enough to detect even weak and indirect effects on the 

phosphatase activity in a reproducible manner.  
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Figure 3.3. Effect of different compounds on eIF2αP dephosphorylation. 

(A) Upper panel. Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to 

eIF2α0 in 20 min dephosphorylation reactions  (at 30° C) constituted with fixed concentration of eIF2αP (2 

μM), PP1γ (0.625 nM), G-actin (1.5 μM) and PPP1R15A325-636 (used below its EC50, at 2 nM) in presence 

of increasing amounts of tautomycin. Shown is a representative experiment of two independent 
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experiments. Lower panel. Log10 plot of the percentage of eIF2αP dephosphorylation (% dP) against 

tautomycin concentrations of two experiments (one of them shown above). The IC50 was calculated using 

the ”[Inhibitor] vs. response - variable slope (four parameters)” function in GraphPad Prism v7. The grey 

lines represent the 95% confidence interval of the fitting. Shown are values obtained for IC50 and 

information of goodness of the fit (r2). (B) As in “A” but using Sephin1. (C) As above, triplicate reactions 

of eIF2αP dephosphorylation conducted in the absence or presence of Sephin1 or the related compound, 

Guanabenz. (D) As in “C” but using Sephin1, Salubrinal or tautomycin. Shown is a representative 

experiment (of two independent experiments). 

As the proposed effect of Sephin1 was shown in mice (Das et al., 2015), the murine 

version of the N-terminally extended PPP1R15A (muPPP1R15A273-657) was also 

used in the dephosphorylation reactions. The stimulatory effect of this murine 

version of the PPP1R15A protein on eIF2αP-directed PP1 phosphatase activity was 

also not inhibited by Sephin1 (Figure 3.4). Hence, species differences were not the 

cause of the absence of a Sephin1 effect on the PPP1R15A-regulated eIF2αP-specific 

dephosphorylation. 

 

Figure 3.4. Effect of Sephin1 on eIF2αP dephosphorylation reactions using murine PPP1R15A. 

As Figure 3.3B but using murine PPP1R15A273-657. 

The study of Carrara et at. (Carrara et al., 2017) proposes an alternative mechanism 

of action of Sephin1 on the phosphatase activity. That study attributes the inhibitory 

effect of Sephin1 to the binding of the compound to the N-terminal extension of the 

PPP1R15A regulatory subunit (which was observed in their study to stimulate the 

PP1 phosphatase activity by contributing to substrate engagement). The results 

shown above in this section, in which PP1-mediated eIF2αP dephosphorylation 

reactions were done in presence of the N-terminally extended version of PPP1R15A, 

are, therefore, not in accordance with this proposed inhibitory mechanism of 

Sephin1 either. However, the differences between the experimental conditions used 

in Carrara et al. and the conditions of experiments presented in this thesis might 
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have accounted for the discrepant findings. In order to address these differences, 

the eIF2αP dephosphorylation reactions were adapted in an attempt to reproduce 

the conditions used by Carrara et al. as closely as possible.  

The first differences addressed were related to the catalytic subunit isoform (PP1α 

in their study vs. PP1γ here), the regulatory subunit (N-terminally MBP-tagged in 

their study vs. C-terminally MBP-tagged here) and the compound’s concentration 

(100 µM in their study vs. 50 µM here). To that end, the same catalytic subunit 

isoform (PP1α), a regulatory subunit PPP1R15A comprising the same residues and 

with the MBP-tag on the N-terminal position (MBP-PPP1R15A325-636) and same 

Sephin1 concentration (100 μM) were used in eIF2αP dephosphorylation reactions. 

Despite these modifications, the addition of Sephin1 (Figure 3.5A, lanes 7 and 9) or 

Guanabenz (Figure 3.5B, lanes 7 and 9) did not show any inhibitory effect on the 

phosphatase activity.  

 

Figure 3.5. Effect of different catalytic subunit or protein tags on Sephin1’s action in eIF2αP 

dephosphorylation. 
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(A) Coomassie-stained PhosTag-SDS-PAGE gel tracking the dephosphorylation of eIF2αP to eIF2α0 in 

20 min dephosphorylation reactions (at 30° C) constituted with fixed concentration of eIF2αP (2 μM), PP1α 

(24 nM), in presence or absence of MBP-PPP1R15A325-636 (60 nM) and/or G-actin (400 nM). The 

components were pre-incubated as specified with either Sephin1 (100 μM), tautomycin (80 nM) or DMSO 

(vehicle) for 15 min at room temperature before being added to the reaction. The bottom panel shows a 

long exposure of the relevant section of the image above corresponding to the phosphorylated and non-

phosphorylated forms of eIF2α. Quantification of percentage of dephosphorylation (%dP) is shown below 

the image. Shown is a representative experiment of three independent experiments. (B) As in “A” but with 

Guanabenz (GBZ). Shown is a representative experiment of two independent experiments. 

 

Secondly, the use of a different buffer was tested. Although both PPP1R15A and 

G-actin were required to stimulate the eIF2αP phosphatase activity of PP1 under 

physiological ionic strength conditions, PPP1R15A alone (in the absence of G-actin) 

showed a ~2-fold stimulatory effect on the PP1 phosphatase activity when the 

eIF2αP dephosphorylation reactions were done in low ionic strength buffers (see 

Section 2.11). In the study by Carrara et al., the effect of Sephin1 on the phosphatase 

activity was tested in reactions performed in low ionic strength buffer. Given the 

different stimulatory effect of the regulatory subunit on the phosphatase activity 

depending on the buffer used, the effect of the compound could have also been 

affected by the buffer conditions used. To test this possibility, dephosphorylation 

reactions were performed in low ionic strength buffer, with the same PP1α catalytic 

subunit and the PPP1R15A construct from Carrara et al. (MBP~PPP1R15A325-636). 

However, neither Sephin1 (Figure 3.6A) nor Guanabenz (Figure 3.6B) interfered 

with the PP1 phosphatase activity. Similarly, eIF2αP dephosphorylation reactions 

incubated for long periods of time (to reproduce the 16-hour incubations done by 

Carrara et al.) did not reveal an inhibitory effect of the compound at any of the 

concentration of catalytic subunit tested (Figure 3.6C).  
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Figure 3.6. Effect of buffer composition or incubation length on Sephin1’s action in eIF2αP 

dephosphorylation. 

(A) Upper panel. Coomassie-stained PhosTag-SDS-PAGE gel containing resolved samples from 30 min 

dephosphorylation reactions (at 30° C) in which 2 μM eIF2αP were dephosphorylated by PP1α (25 nM) in 

presence of MBP~PPP1R15A325-636 (1 μM) in either low ionic strength buffer (15 mM NaCl, without G-

actin, lanes 2-7), or in physiological ionic strength buffer (100 mM, with 400 nM G-actin, lanes 8-11) in 

presence of Sephin1 (or DMSO carrier). Shown is a representative of two independent experiments 

performed. Lower panel. Plot of percentage inhibition observed in all samples of the experiment shown 

above and its repeat (calculated separately in each experiment relative to the no-compound condition, 0 

μM). (B) As in “A” but with Guanabenz (GBZ). Percentage of dephosphorylation (% dP) shown below the 

image. (C) Upper panel. As in “A” but following extended incubation time of dephosphorylation reactions 

(18 hour, 30˚C) performed in presence of the indicated concentrations of PP1α in the absence or presence 

of MBP~PPP1R15A325-636 (1 μM) and Sephin1 (100 μM). Shown is a representative experiment of two 

independent experiments. Lower panel. Plot of the percentage of eIF2αP dephosphorylation from the 

experiment above and the other repeat performed. 
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In summary, the proposed inhibitory effect of Sephin1 could not be observed in the 

in vitro experiments performed in this study. Neither the suggested ability of the 

compound to disrupt the complex formation between PP1 and PPP1R15A, nor the 

proposed capacity of the compound to affect the substrate engagement of 

PPP1R15A was apparent in the experiments shown here.  

A potential explanation for these results could be the lack of some cellular 

component(s) missing in the in vitro reactions that are responsible for the proposed 

inhibitory effect of Sephin1 or Guanabenz. To test that, the effect of these 

compounds was analysed in cell-based assays (see below).  

 

3.2 Effect of Sephin1 in cells 

3.2.1 Flow cytometry 

In cells, Sephin1 is proposed to inhibit the regulatory subunit PPP1R15A, and 

thereby sustain the levels of phosphorylated eIF2α during stress conditions (Das et 

al., 2015). In wild-type cells, the phosphorylation of eIF2 induces the expression of 

the protein CHOP. However, in cells that contain a C-terminal truncated version of 

PPP1R15A protein, which lacks the PP1 binding site (PPP1R15AΔC/ΔC cells), the 

expression of CHOP is attenuated under stress conditions. This effect is thought to 

be caused by the exaggerated protein translation inhibition that occurs in absence 

of PPP1R15A´s activity, which affects the expression of ISR-induced genes (Novoa 

et al., 2003). Consistent with Sephin1’s proposed inhibition of PPP1R15A, this 

compound is also reported to reduce CHOP expression under stress conditions. 

Therefore, CHOP induction (a downstream effect of eIF2 phosphorylation) can be 

used as a readout to study the effect of Sephin1 in cells (Das et al., 2015).  

CHO-K1 cells containing a CHOP::GFP reporter (Novoa et al., 2001) were chosen to 

analyse effect of Sephin1. The expression of this Green Fluorescence Protein (driven 

by a CHOP-derived promotor) is induced upon eIF2 phosphorylation (under stress 

conditions), and this reporter has been previously used to measure ISR activation 

(Novoa et al., 2001). These cells contained an additional XBP1s::Turquoise reporter. 

The expression of this turquoise protein is triggered by splicing of its mRNA by IRE1 

(a protein activated during the Unfolded Protein Response)(Iwawaki et al., 2004; 
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Sekine et al., 2016). Therefore, treatment of these dual reporter CHOP::GFP; 

XBP1s::Turquoise cells with compounds that cause ER-stress would activate the ER 

kinase PERK, which would phosphorylate eIF2 and induce the expression of the 

endogenous CHOP as well as the CHOP::GFP reporter; and simultaneously, the ER 

sensor IRE1 would be activated and promote the mRNA splicing of the endogenous 

XBP1 (XBP1s) as well as the XBP1s::Turquoise reporter, inducing its expression (see 

schema of the pathway in Figure 1.4) . Thus, these cells report on the activation of 

the ISR (through the CHOP::GFP reporter) and on the activation of the IRE1 branch 

of the UPR (through the XBP1s::Turquoise reporter). 

Dual reporter CHOP::GFP;XBP1s::Turquoise CHO-K1 cells were stressed using 

increasing concentrations of the N-linked glycosylation inhibitor, tunicamycin, in 

presence or absence of Sephin1 (Figure 3.7A, compare solid and dashed lines). 

Tunicamycin (whose concentration is typically expressed in µg/mL) was used from  

0 to 0.5 µg/mL ( 0 – 600 nM). The expression of both reporters, measured by flow 

cytometry, was induced in a concentration-dependent manner by tunicamycin. Co-

treatment with Sephin1 (used at 50 µM as in Das et al.,) conspicuously attenuated 

the tunicamycin-induced CHOP::GFP and XBP1s::Turquoise expression, but only 

when the stressor was used at 0.2 µg/mL (the lowest concentration which induced 

reporters’ activation, see condition highlighted with the arrowhead in Figure 3.7A). 

This concentration of tunicamycin (0.2 µg/mL) was chosen to titrate Sephin1 (from 

0 – 50 µM), which showed the maximal effect in both channels at 50 µM (Figure 

3.7B). Importantly, this high concentration of Sephin1 (50 µM ) did not show any 

effect on the two reporters studied (Figure 3.7B, orange curves). Therefore, these 

concentrations of stressor (0.2 µg/mL tunicamycin, 240 nM) and Sephin1 (50 µM) 

appeared to capture an (albeit weak) effect of Sephin1 on the reporters, and hence 

were used in subsequent experiments.  
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Figure 3.7. Concentration-dependence of the response of cultured cells to tunicamycin and Sephin1. 

(A) Histograms of distribution of the fluorescence intensity of the CHOP::GFP reporter (left panel) and 

XBP1s::Turquoise reporter (right panel) in populations of untreated CHO-K1 cells and cells exposed for 

20 hr to the indicated concentration of tunicamycin in the absence and presence of Sephin1 (50 µM) 

analysed by flow cytometry. Grey arrowheads indicate conditions used in later experiments. (B) As in “A” 

but the cells were either untreated or exposed to a fixed concentration of tunicamycin (0.2 µg/mL≅240 nM) 

and varying concentrations of Sephin1. 

Thus, dual reporter CHOP::GFP;XBP1s::Turquoise CHO-K1 cells stressed with 

tunicamycin (0.2 µg/mL) showed an induction of both the CHOP::GFP and the 

XBP1s::Turquoise channels, and this induction was repressed by co-treatment with 

Sephin1 (50 µM) (Figure 3.8A, compare blue and green traces). The attenuation of 

stress-induced XBP1::Turquoise expression by Sephin1 could be caused by the 

intense inhibition of protein translation that occurs when the PPP1R15A protein is 

not functional. Therefore, this result was consistent with the proposed mechanism 

of action of Sephin1 and the effects observed by Das et al.  

The effect of Sephin1 was also studied in presence of histidinol, a stressor that 

interferes with tRNA charging and activates the GCN2 kinase that senses amino acid 

deprivation (Dever et al., 1992; Harding et al., 2000a). The same CHO-K1 cells 

showed activation of only the ISR reporter (CHOP::GFP) upon histidinol treatment 

(as this compound does not induce the UPR), and Sephin1 also repressed this 
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activation. Although this stressor does not interfere with protein folding, the effect 

of Sephin1 could be explained by a reduction in protein translation that diminishes 

the stress caused by unavailability of charged tRNAs (Figure 3.8B).  

 

Figure 3.8. Sephin1 broadly attenuates the ER stress response in cultured CHO-K1 cells.  

(A) Two-dimensional plot of the fluorescence signals derived from CHO-K1 cells stably transduced with 

both a CHOP::GFP reporter (on the horizontal axis, Ex: 488 nm/ Em 530 ± 30 nm; reflecting mostly ISR 

activity) and a XBP1s::Turquoise reporter (on the vertical axis, Ex: 405 nm/ Em 450 ± 50 nm; reflecting 

IRE1 activity) analysed by flow cytometry. Color-coded signals from untreated cells (blue, ut) or cells 

exposed to a low concentration of tunicamycin (0.2 µg/mL≅240 nM; 20 hr) alone (green, Tm) or together 

with Sephin1 (50 mM, red, Tm +S) are superimposed. Histograms of the distribution of the two reporter 

signals in the three cell populations are plotted on the corresponding axis and the mean ± CV (coefficient 

of variation) of the fluorescence intensity of the two reporters is depicted in the bar diagram to the right. 

(B) As in “A” but the cells were exposed to histidinol (0.5 mM, His), an ISR inducer that does not promote 

unfolded protein stress in the ER and does not activate the XBP1s::Turquoise reporter. Shown is one of 

three independent experiments. 

The effect of Sephin1 observed in the flow cytometry experiments was consistent 

with its proposed mechanism of action, as it would inhibit PPP1R15A, sustain the 

stress-induced phosphorylation of eIF2 and reduce global rates of protein 

translation (affecting the expression of the ISR-induced CHOP and XBP1 reporters). 

To further probe this concept and assess the direct effect of the compound on its 
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proposed target, PPP1R15AKO dual reporter CHO-K1 cells were created using 

CRISPR-Cas9 technology (explained in section 6.3.1.1). The targeted locus of the 

PPP1R15AKO clones was sequenced. This genotypic analysis confirmed that the 

PPP1R15A protein sequence of these cells contained mutations upstream the PP1 

binding site, producing only non-functional truncated proteins (see section 6.3.1.1). 

Consistent with that, these PPP1R15AKO clones did not induce expression of 

PPP1R15A upon tunicamycin treatment, unlike wild-type cells (Figure 3.9A).  

These PPP1R15AKO clones were subjected to tunicamycin (Figure 3.9B) and 

histidinol treatment (Figure 3.9C) in presence or absence of Sephin1, and they 

showed the same response as wild-type cells: the stress-activated expression of the 

reporters was repressed by co-addition of Sephin1 to the culture media. This was an 

unexpected result for two reasons: first, the activation of CHOP::GFP in the 

PPP1R15AKO cells was similar to wild-type cells and, second, the reporter activation 

was efficiently repressed by Sephin1, despite the absence of its proposed target in 

PPP1R15AKO cells.  

Regarding the unexpected expression of the CHOP::GFP reporter in these 

PPP1R15A-deficient cells subjected to stress, there are some possible explanations. 

CHOP induction in PPP1R15A-deficient cells has been shown to be reduced when 

measured ~6-8 hours after stress treatment, but recovered when measured after 

~20-24 hours of exposure to stress (Novoa et al., 2003; Reid et al., 2016). Hence, the 

treatments used in these experiments (20 hours) could be reflecting the recovery of 

CHOP induction in the PPP1R15A-deficient cells. It is also possible that these cells 

upregulate their levels of PPP1R15B to compensate for the loss of the other 

regulatory subunit (as has been suggested for PPP1R15A-/- MEFs) (Reid et al., 2016). 

Additionally, the reported reduction of CHOP induction in PPP1R15A-deficient cells 

was done measuring endogenous CHOP protein, whereas the experiments 

presented in this thesis were measuring a GFP protein whose expression is driven 

by CHOP promoter and, therefore, differences in half-life of the two proteins can 

cause the observed differences.  

Nonetheless, the effect of Sephin1 in attenuating the expression of the CHOP::GFP 

reporter was as conspicuous in these cells as in wild-type cells. Therefore, this result 

questioned the idea of PPP1R15A being the target of Sephin1.  
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Figure 3.9. Cells lacking PPP1R15A remain responsive to Sephin1.  

(A) Immunoblot of endogenous PPP1R15A recovered by immunoprecipitation (using an anti-PPP1R15A 

antibody conjugated to Protein A Sepharose) from untreated and tunicamycin-exposed parental cells and 

cells from two different PPP1R15AKO CHO-K1 clones. The position of PPP1R15A is indicated and the 

immunoglobulin heavy-chain is marked with an asterisks. The immunoblot of eIF2α (lower panel) serves 

as a loading control for the content of cellular protein in the lysates. Note: based on the information of the 

commercial polyclonal PPP1R15A antibody used, this antibody should recognise the PPP1R15A peptide 

ranging from position 307 to 572 of the protein and according to the genotypic analysis of the PPP1R15AKO 

clones, their PPP1R15A proteins should be affected at position ~500. It suggests that the N-terminal 

unaffected portion of the PPP1R15A protein of these PPP1R15AKO clones is probably quickly degraded or 

unstable and hence, not visible in the western blot. (B) Two-dimensional plot and histograms of the 

fluorescent signal of the CHOP::GFP and XBP1s::Turquoise reporters in the two PPP1R15AKO CHO-K1 
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clones. Where indicated, the cells were exposed to a low concentration of tunicamycin (0.2 µg/mL≅240 

nM; 20 hr) alone (Tm, green) or together with Sephin1 (50 mM, red, Tm + S). The mean ± CV (coefficient 

of variation) of the fluorescence intensity of the two reporters in each of the two clones is displayed in the 

bar diagram. Shown is one of three independent experiments. (C) As in “B” but cells were exposed to 

histidinol (0.5 mM). Shown is one of three independent experiments. 

Given that the effect of Sephin1 was observed to be independent of the presence of 

PPP1R15A, it appeared important to test whether its effect was, by any other 

mechanism, related to the phosphorylation status of eIF2α. To test that, an 

ISR-deficient dual reporter (CHOP::GFP; XBP1s::Turquoise) CHO-K1 cell line was 

created by introducing a single mutation (Ser51Ala) into the Eif2s1 locus, the gene 

encoding eIF2α. Genomic analysis of this cell line showed that it was heterozygous 

at the eIF2α locus with one allele encoding a truncated, non-functional protein and 

the other allele encoding the desired S51A mutant protein (Eif2s1-/S51A). As a result, 

these cells have no wild-type eIF2α and express only the mutated version of the 

protein eIF2αS51A (see section 6.3.1.2).  

Thapsigargin is an ER stressor that depletes ER calcium by inhibiting the ER Ca²⁺ 

ATPase. The lower calcium levels reduce the chaperone activity of calcium-

dependent ER chaperones, such as calnexin, leading to the accumulation of unfolded 

proteins. Wild-type cells showed a basal eIF2αP signal in untreated conditions 

(probably due to high confluency conditions) which was mildly induced upon 

thapsigargin treatment. However, mutant eIF2αS51A cells showed no 

phosphorylation of eIF2α, even when double amount of total protein was 

transferred to the membrane to compensate for potential lower eIF2α levels due to 

the absence of a second intact allele (Figure 3.10A).  

When this dual reporter eIF2αS51A CHO-K1 line was exposed to a tunicamycin 

treatment it did not show an induction of the ISR-dependent CHOP::GFP reporter 

(as expected). However, the XBP1s::Turquoise reporter behaved like in wild-type 

cells: it was activated by the stressor and repressed by co-treatment with Sephin1 

(Figure 3.10B). This suggests that the ability of Sephin1 to counteract stress-induced 

reporter expression (measured only by the XBP1s reporter in this ISR-deficient 

cells) was independent of the phosphorylation status of eIF2α. 
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Figure 3.10. ISR-deficient eIF2αS51A cells retain their responsiveness to Sephin1.  

(A) Immunoblot of CHO-K1 cell lysates using anti-eIF2αP (upper panel), anti-eIF2α (middle panel) and 

anti-BiP (lower panel) antibodies. Two-fold more cell lysate was loaded onto lanes 5 and 6 to compensate 

for the lower eIF2α content of the haploid mutant eIF2αS51A cells. (B) Two-dimensional plot and histograms 

of the fluorescent signal of the CHOP::GFP and XBP1s::Turquoise reporters in the eIF2αS51A CHO-K1 

cells. Where indicated, the cells were exposed to a low concentration of tunicamycin (0.2 μg/mL≅240 nM; 

20 hr) alone (green, Tm) or together with Sephin1 (50 μM, red, Tm + S). The mean ± CV (coefficient of 

variation) of the fluorescence intensity of the two reporters is displayed in the bar diagram. Shown is a 

representative experiment of two independent experiments performed. Note the lack of CHOP::GFP 

expression due to the ISR-defect imposed by the eIF2αS51A mutation. 

 

In summary, Sephin1 was observed to attenuate the expression of stress reporters 

in PPP1R15A-deficient cells as well as in ISR-deficient cells. This suggests that the 

mechanism of action of the compound is independent of the phosphorylation status 

of eIF2 and, in particular, independent of the activity of the PPP1R15A-containing 

eIF2 phosphatase. 
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3.2.2 Cell viability 

Sephin1 is proposed to cytoprotect HeLa cells subjected to tunicamycin-induced 

stress (Das et al., 2015, Figure 1F therein). This effect was also tested in the 

wild-type, PPP1R15AKO and eIF2αS51A CHO-K1 cell lines previously described.  

First, different titrations of tunicamycin were applied to wild-type and eIF2αS51A 

cells, in order to set the concentration of stressor that would decrease their cell 

viability. Wild-type cells required higher doses of tunicamycin (1.5 µg/mL) than 

eIF2αS51A cells (0.9 µg/mL) to compromise their cell viability to similar levels 

(Figure 3.11A), an expected feature given the hypersensitivity to ER stress of ISR 

deficient cells (Harding et al., 2000b;Scheuner et al., 2001).  

Unlike HeLa cells, which were protected against tunicamycin-induced lethality by 

Sephin1, wild-type CHO-K1 cells did not show such cytoprotection. This finding may 

reflect cell-type specific differences in the response to the compound. However, in 

eIF2αS51A cells that are hypersensitive to the lethal effects of tunicamycin, a modest, 

yet reproducible, protective effect of Sephin1 was observed. Nonetheless, this 

cytoprotection of eIF2αS51A cells was observed only over a narrow concentration 

range of tunicamycin (0.2 and 0.3 µg/mL) and at high concentrations of Sephin1 

(most conspicuous at 50 µM) (Figure 3.11). The viability of PPP1R15AKO cells was 

unaffected by Sephin1 (Figure 3.11B, upper graph), but this result was 

uninterpretable given that wild-type cells showed the same response (Figure 3.11). 

These observations are consistent with a role of Sephin1 in counteracting the lethal 

effects of tunicamycin through a mechanism that is independent of cellular levels of 

phosphorylated eIF2. These results support the ones obtained by flow cytometry 

analysis of the stress reporters (section 3.2.1) and are consistent with an action of 

Sephin1 that is independent of the PPP1R15A regulatory subunit. 
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Figure 3.11. Sephin1 confers cytoprotection to eIF2αS51A CHO-K1 cells. 

(A) Plot of cell viability values obtained for wild-type (WT) and eIF2αS51A CHO-K1 cells under specified 

treatments with tunicamycin in presence of titrated concentrations of Sephin1. The values for cell viability 

are normalized to the untreated samples (no tunicamycin and no Sephin1) for each cell type. Data obtained 

from one experiment performed in triplicates for each condition. (B) Upper panel. As in “A” but using also 

PPP1R15AKO cell lines. Lower panel. As in “A” but using eIF2αS51A cells treated with tunicamycin 

(0.2 µg/mL ≅240 nM) in presence of increasing concentrations of Sephin1. The values for cell viability are 

normalized to the Sephin1-untreated sample (no Sephin1, 0.2 µg/mL≅240 nM tunicamycin). Data obtained 

from 2 experiments performed in triplicates for each condition.  
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3.2.3 Monitoring eIF2α dephosphorylation in cells 

Sephin1 was reported to sustain eIF2α phosphorylation levels under stress 

conditions (Das et al., 2015). Although the effect of the compound seemed to be 

independent on the phosphorylation status of eIF2 (both to reduce expression of 

stress markers and to cytoprotect, shown is sections above), the potential direct 

effect of Sephin1 on PPP1R15A-regulated eIF2 dephosphorylation was not 

addressed by the experiments presented above. Therefore, experiments were set up 

to measure rates of eIF2α dephosphorylation in cells.  

This was done by a kinase shut-off assay developed by Joseph E Chambers 

(Chambers et al., 2015). This experiment consists of the activation of an eIF2 kinase 

to induce phosphorylation of eIF2. After a robust level of eIF2αP has built up, a 

kinase inhibitor is added to the cells and the rate of eIF2αP dephosphorylation is 

detected by Western blotting. This assay has previously proven to be sensitive to 

changes on eIF2α dephosphorylation rate in response to pharmacological 

manipulation of G-actin levels (Chambers et al., 2015). 

PERK was chosen as the kinase to trigger eIF2 phosphorylation, due to its 

modulation by an available activator (thapsigargin) and inhibitor (PERKi or 

GSK260414A). To ensure that PERK is the dominant kinase that contributes to eIF2 

phosphorylation in this experimental system, alternative eIF2 kinases had to be 

inactivated. Among the four kinases known to phosphorylate eIF2, HRI is expressed 

mostly in the erythroid lineage, and PKR is normally absent from uninfected cells 

(Han et al., 2001). Therefore, only the kinase GCN2 was inactivated. The Eif2ak4 

genomic locus (encoding GCN2) was targeted using CRISPR-Cas9 to create 

GCN2-deficient CHO-K1 cells (CRISPR-Cas9 protocol in section 6.3.1.3).  

The regulatory subunits PPP1R15A and PPP1R15B are responsible for the 

dephosphorylation of eIF2 (Harding et al., 2009), but their relative contribution to 

the total bulk of eIF2 dephosphorylation in different cellular circumstances is 

unknown. Therefore, the gene encoding PPP1R15B was inactivated by CRISPR-Cas9 

to follow an eIF2α dephosphorylation that would be dependent on only 

PPP1R15A-containing PP1 phosphatase complexes.  
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Therefore, the kinase shut-off assay was performed using GCN2KO; PPP1R15BKO 

compound-mutant dual reporter CHOP::GFP; XBP1s::Turquoise CHO-K1 cell line, in 

which both phosphorylation and dephosphorylation of eIF2 could be modulated by 

a single kinase and phosphatase (Figure 3.12A). Despite the genetic modifications, 

this cell line maintained the responsiveness to the stressors and to Sephin1 when 

analysed by flow cytometry (Figure 3.12B). Thus, this was a suitable cell line to 

study the effect of this compound in the kinase shut-off experiment.  

 

 

Figure 3.12. The GCN2KO; PPP1R15BKO CHO-K1 cell line maintains responsiveness to cellular 

stress.  

(A) Cartoon depicting the phosphorylation cycle of eIF2α in a GCN2KO;PPP1R15BKO CHO-K1 cell line. 

(B) Two-dimensional plot and histograms of the fluorescent signal of the CHOP::GFP and 

XBP1s::Turquoise reporters in the GCN2KO; PPP1R15BKO CHO-K1 cells. Where indicated, the cells were 

exposed to a low concentration of tunicamycin (0.2 µg/mL ≅240 nM; 20 hr) alone (green, Tm) or together 

with Sephin1 (50 μM, red, Tm + S). Shown is representative experiment of three independent experiments 

performed. The mean ± CV (coefficient of variation) of the fluorescence intensity of the two reporters is 

displayed in the bar diagram. 
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The details of the experimental procedure, summarized in Figure 3.13A, were as 

follows: cells were initially treated with thapsigargin (in presence or absence of 

Sephin1) to induce PERK activation and build up levels of phosphorylated eIF2; 

then, PERK was inhibited by the specific PERK inhibitor (PERKi, GSK260414A), and 

finally cells were lysed at different time points to monitor the PPP1R15A-regulated 

eIF2αP dephosphorylation over time. The stress imposed to the cells (30-minutes 

thapsigargin treatment) was too short to allow a stress induction of PPP1R15A 

protein. Therefore, this experiment relays on previous observations that PPP1R15A 

levels are constitutively high when PPP1R15B is genetically inactivated (Chambers 

et al., 2015). 

The GCN2KO;PPP1R15BKO CHO-K1 cell line showed a rapid rate of eIF2α 

dephosphorylation that was close to completion within 60 min after PERKi addition 

(Figure 3.13B, lanes 1 to 5) and co-treatment with Sephin1 had a very modest effect 

of diminishing the rate of dephosphorylation, that was only apparent in the early 

time points (Figure 3.13B, lanes 6 to 10). Sephin1 was also pre-incubated over long 

periods of time (5 hours) before the addition of thapsigargin, as an attempt to 

enhance Sephin1’s effect by preconditioning. However, the same modest effect of 

Sephin1 was observed under these circumstances (Figure 3.13C). The experiment 

was performed five times in order to obtain enough data to fit an exponential decay 

curve, which yielded a time constant of 0.23 min-1 for the untreated and 0.19 min-1 

for the Sephin1 treated sample, a non-significant difference (r2 = 0.82 in the 

Sephin1-treated sample) (Figure 3.13D).  
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Figure 3.13. eIF2αP dephosphorylation in untreated and Sephin1-treated cells.  

(A) Schema of the kinase shut-off experiment used to evaluate the decay of the eIF2αP signal in cells. 

Thapsigargin (300 nM) was added at t = -30 min to the media to activate PERK kinase and induce eIF2α 

phosphorylation. Sephin1 (50 μM) was introduced either at t = -30 min or at t = -300 min. A PERK kinase 

inhibitor, PERKi/GSK260414A (2 μM), was added at t = 0 and eIF2αP dephosphorylation was followed 

over time. (B) Immunoblot of the time-dependent changes in the eIF2αP signal of compound-mutant 

GCN2KO;PPP1R15BKO CHO-K1 cells (clone #2) treated as specified with thapsigargin (Tg) and Sephin1. 

The immunoblot of eIF2α (lower panel) serves as a loading control. (C) As in “B” but cells were pre-treated 

with Sephin1 for 5 hours. Experiments “B” and “C” show representative experiments repeated five times. 

(D) Plot of the eIF2αP signal [normalised to the value at t = 0 of the vehicle only (DMSO) sample] against 

time of five independent experiments. The data has been fitted to an exponential decay curve (grey solid 

line for the vehicle and blue solid line for the Sephin1-treated sample). The exponential decay rate and the 

r2 of the fit are indicated.  
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3.2.4 Analysis of PPP1R15-deficient cells 

Both the PPP1R15AKO and the PPP1R15BKO CHO-K1 cells showed stress-induced 

CHOP::GFP expression that was similar to that observed in wild-type cells. Although 

PPP1R15A has been assigned roles in regulating eIF2 dephosphorylation under 

stress conditions and PPP1R15B is proposed to play the same role in basal 

conditions (non-stress) (Jousse et al., 2003; Novoa et al., 2001), their functions have 

been suggested to be re-defined when either of them is missing (Harding et al., 2009; 

Reid et al., 2016). Thus, upregulation of PPP1R15B in the PPP1R15A-deficient 

mutant cell line (and vice versa) could be a compensatory mechanism triggered in 

these cells, which would account for their induction of CHOP at similar levels as 

observed in wild-type cells. If this assumption is correct, genetic ablation of the 

remaining intact regulatory subunit in the single PPP1R15 mutants (for example, 

genetic manipulation of PPP1R15B in the case of PPP1R15AKO) would have 

detrimental consequences.  

To test that, the Ppp1r15b locus was targeted in PPP1R15AKO cells using CRISPR-

Cas9. Although the knockout of the genes encoding both regulatory subunits 

affected mouse embryo implantation (suggesting possible lethal consequences of 

their ablation) (Harding et al., 2009), the dual-reporter CHO-K1 cells used in this 

study tolerated the inactivation of the genes encoding for both PPP1R15A and 

PPP1R15B regulatory subunits. 

Compared to wild-type and PPP1R15AKO cells, which adopt characteristic elongated 

shapes when attached to the surface of tissue culture dishes, the 

PPP1R15AKO;PPP1R15BKO cells (PPP1R15KO) showed a round shape (a 

stress-related feature observed in these CHO-K1 cells upon different stress 

treatments) and an intense CHOP::GFP signal under non-stress conditions, 

suggesting high basal levels of phosphorylated eIF2 (Figure 3.14A).  

To assess their response more quantitatively, the expression of CHOP::GFP and 

XBP1s::Turquoise reporters was analysed in different PPP1R15 mutant cells 

subjected to increasing concentrations of tunicamycin (Figure 3.14B). As expected, 

the response of the XBP1s:Turquoise reporter was almost identical in the mutants 

compared to wild-type cells, given that only the ISR (monitored by CHOP::GFP 

levels) but not the IRE1 branch of the UPR (monitored by XBP1s:::Turquoise levels) 
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is predicted to be primarily affected in these mutants. Only the PPP1R15BKO mutant 

showed a conspicuous hyper activation of the XBP1s::Turquoise reporter compared 

to wild-type cells, possibly due to a complex cross-talk between the IRE1 pathway 

and cellular levels of PPP1R15B (So et al., 2015).  

The single PPP1R15 mutants (either PPP1R15AKO or PPP1R15BKO) and wild-type 

cells showed very similar expression of the CHOP::GFP reporter: the minimal and 

maximal values obtained for CHOP::GFP expression upon tunicamycin titration 

were very similar in the single PPP1R15 mutants compared to wild-type cells, as 

were the obtained EC50 values. However, the double PPP1R15 mutants 

(PPP1R15AKO;PPP1R15BKO) showed a different response: at any concentration of 

tunicamycin, the expression of CHOP::GFP was higher in the double PPP1R15 

mutants compared to wild-type or single PPPP1R15 mutant cells, although the 

calculated EC50 value for tunicamycin remained unaltered.  

 

Figure 3.14. Effect of genetic inactivation of PPP1R15A and B in CHOP::GFP;XBP1s::Turquoise 

dual reporter CHO-K1 cells.  

(A) Image of PPP1R15AKO (R15AKO, left) and PPP1R15AKO;PPP1R15BKO compound mutant 

(R15KO,right) CHOP::GFP;XBP1s::Turquoise dual reporter CHO-K1 cells by fluorescent microscopy. (B) 

Upper panel. Plot of percentage of activation of CHOP::GFP reporter against tunicamycin concentrations 

of different cell lines (colours). Dots represent data points acquired and lines represent fitting of ”[Agonist] 

vs. response - variable slope (four parameters)” function in GraphPad Prism v7. The EC50 values and 
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goodness of fit (r2) are annotated. Data were normalized to untreated wild-type (WT) cells. Two 

independent experiments performed (only one for the PPP1R15BKO cell line). Lower panel. As upper panel 

but for XBP1s::Turquoise reporter.  

The fact that the PPP1R15AKO;PPP1R15BKO cells were able to respond to 

tunicamycin in a concentration-dependent manner suggests that, despite their 

sustained higher levels of phosphorylated eIF2 (under stress and non-stressed 

conditions), some compensatory mechanism (different than induction of the known 

phosphatase regulatory subunits) must be triggered in these cells. For example, it 

could be possible that they upregulate the levels of PP1 or the levels of other (yet 

unknown) eIF2-specific PP1 regulatory subunits.  

Sephin1 was also studied in these cells to analyse whether the effect of the 

compound was mediated through a PPP1R15A (or B)-independent mechanism that 

would be more conspicuous in these cells. Treatment with Sephin1 also reduced the 

CHOP induction in the PPP1R15KO cells (Figure 3.15), suggesting that this compound 

could be potentially acting on a PPP1R15-independent mechanism of eIF2 

dephosphorylation.  

In relation to previous observations in this thesis, this experiment showed that the 

ISR-related action of Sephin1 was evident also in cells lacking both eIF2-specific 

PPP1R15 regulatory subunits, reinforcing the idea that any of these proteins were 

unlikely to be Sephin’s cellular target.   
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Figure 3.15. Effect of Sephin1 in PPP1R15-deficient cells measured by flow cytometry 

(A) Two-dimensional plot and histograms of the fluorescent signal of the CHOP::GFP and 

XBP1s::Turquoise reporters in the wild-type cells and the two PPP1R15AKO;PPP1R15BKO (R15KO) 

CHO-K1 clones. Where indicated, the cells were exposed to a low concentration of tunicamycin 

(0.2 µg/mL; 20 hr) alone (green, Tm) or together with Sephin1 (50 mM, red, Tm + S). (B) The mean ± CV 

(coefficient of variation) of the fluorescence intensity of the two reporters in each of the two clones from 

the experiment shown in “A” is displayed in the bar diagram.  

 

3.3 Conclusion  

The analysis of the effect of Sephin1 presented in this report was not able to 

recapitulate the proposed activity of the compound on its suggested molecular 

target, the PPP1R15A regulatory subunit of the eIF2 phosphatase.  

The use of in vitro assays, such as BLI (to report on holoenzyme assembly) or 

dephosphorylation reactions (to analyse the enzymatic activity), did not provide 

evidence of the proposed role of Sephin1 to either disrupt the formation of the 

enzyme complex or to alter substrate engagement by the regulatory subunit.  

The proposed cytoprotective effect of Sephin1 was apparent only in ISR-deficient 

cells, and the effect on CHOP induction was observed in cells lacking the PPP1R15A 
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regulatory subunit, both the PPP1R15A and PPP1R15B regulatory subunits, as well 

as in ISR-deficient cells (eIF2αS51A cells). 

Together, the results of experiments performed in vitro and in cells question the 

proposed mechanism of action of Sephin1 (and the related compound, Guanabenz).  
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Chapter 4 Looking for eIF2 phosphatase inhibitors: 

Assays suited for High Throughput 

Screening. 

Manipulation of the ISR, by interfering with PPP1R15A in particular, has been 

suggested to be beneficial in several circumstances (D’Antonio et al., 2013; 

Marciniak, 2004) and set the basis to study some compounds, such as Guanabenz 

and Sephin1, that have been proposed as specific inhibitors of the PP1/PPP1R15A 

holophosphatase and could serve as potential therapeutic tools (Das et al., 2015; 

Tsaytler et al., 2011). However, data presented in the preceding chapter of this 

thesis, which focuses on the study of these compounds on the eIF2 phosphatase 

complex, raises serious doubts about the effect that they have on their proposed 

target, the PPP1R15A regulatory subunit of PP1. Hence, it implied that specific 

inhibitors of the eIF2 phosphatase remained to be discovered. 

Although the experiments presented in Chapter 3 suggest that probably Sephin1 

and Guanabenz do not target the eIF2 phosphatase, this finding does not imply the 

impossibility of inhibiting this enzyme in general. In fact, the characterization of the 

eIF2α phosphatase complex presented in Chapter 2 provided some evidence for the 

feasibility of finding inhibitors of the enzyme: the eIF2α-directed phosphatase 

activity of PP1 (measured in in vitro reactions) was stimulated by PPP1R15A when 

G-actin was present, and this stimulation was reduced by the presence of point 

mutations in PPP1R15A’s sequence. Interestingly, some of these point mutants of 

PPP1R15A did not affect the assembly of the enzyme, and thus may rather have 

caused loss of function by allosteric or conformational effects (section 2.8). 

Similarly, small molecules could induce allosteric changes in the holophosphatase 

complex and alter the disposition of the enzymatic components (mimicking the 

effect of point mutations in PPP1R15A). Hence, these results instigated the search 

for compounds that could specifically modulate the activity of the eIF2α 

phosphatase.  

To find potential eIF2-phosphatase inhibitors in libraries of compounds, screening 

assays are required to reliably measure the activity of the enzyme and to fulfil 

special criteria. In particular, the assays used in a high throughput screening (HTS) 
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have to be suitable for automation and handling by robotics and the acquired data 

must be compatible with computerized-analysis (Broach and Thorner, 1996). The 

previously described analysis of in vitro eIF2α dephosphorylation by PhosTag 

SDS-PAGE is not suited for HTS, and thus new in vitro assays had to be developed.  

This chapter focuses on the theoretical principles and performance of different in 

vitro assays that were tested for their potential application in HTS to identify eIF2 

phosphatase inhibitors.  

4.1 Amplex UltraRed assay 

4.1.1 Principle 

The Amplex UltraRed (AUR) assay is a fluorimetric assay based on the coupled 

enzymatic conversion of a florigenic substrate, Amplex UltraRed. When the 

phosphatase dephosphorylates eIF2αP, inorganic phosphate (Pi) is released. This 

feeds a cascade of several enzymes and substrates, producing a final fluorescent 

product, whose intensity is directly proportional to the amount of phosphate being 

produced by the dephosphorylation reaction. The first enzyme, purine nucleoside 

phosphorylase (PNP), utilises the Pi to convert inosine into hypoxanthine and 

ribose-1-phosphate; the second enzyme, xanthine oxidase (XO), uses water (H20) 

and oxygen (O2) to transform the hypoxanthine into xanthine and hydrogen 

peroxide (H2O2). Finally, the horseradish peroxidase (HRP) reacts with the 

produced H202 to catalyse the conversion of the Amplex UltraRed substrate into 

Amplex UltroxRed, a fluorescent and absorbing product (excitation/emission 

maxima ~ 568/581 nm) (Figure 4.1).  

 

Figure 4.1. Schema of eIF2αP dephosphorylation reaction coupled to an Amplex UltraRed assay.  

The different enzymes (phosphatase, PNP, XO and HRP) are represented as are the different intermediates 

generated by the enzyme cascade.  
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4.1.2 Results 

The signal obtained with this AUR assay should be proportional to the amount of 

phosphate produced by the eIF2αP dephosphorylation reactions. In order to start 

with a simpler scenario, the AUR signal was initially measured upon addition of 

different amounts of inorganic phosphate (rather than directly measuring the 

phosphatase activity) (Figure 4.2A). The velocity with which the AUR signal 

increased was proportional to the amount of phosphate added (0-500 µM). In 

addition, at each particular time point, the signal was linearly proportional to the 

amount of phosphate when it was added up to 15 µM (Figure 4.2B), whereas the 

signal was non-linear at higher concentrations of phosphate due to saturation 

effects (Figure 4.2C). This experiment confirmed the ability of the AUR assay to 

detect differences in phosphate concentration, and provided initial information 

about the dynamic range of the assay.  

 

Figure 4.2. Phosphate titration using AUR assay. 
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(A) Plot of fluorescent signal (Ex/Em =568/588 nm in arbitrary units, a.u.) against time at different 

concentrations of phosphate (Pi). (B) As in “A” but plotting the fluorescence signal against phosphate 

concentrations (1 to 15 μM) at different times. Dotted lines represent linear regression fit at the specified 

times. (C) As in “B” but showing phosphate concentrations up to 500 μM.  

Further titrations of inorganic phosphate, covering more concentrations in the 

lower micromolar range (0 – 40 µM), confirmed the linear correlation between the 

AUR signal and the amount of inorganic phosphate (Figure 4.3A). This linearity was 

evident even when only the data corresponding to phosphate concentrations up to 

10 µM was analysed (Figure 4.3B). Given that the assay maintained a linear response 

and showed a wide potential dynamic range when the Pi was titrated up to 10 µM, 

the AUR assays coupled to eIF2αP dephosphorylation reactions would potentially 

require only 10 µM of eIF2αP to provide meaningful data.  

 

Figure 4.3. Linear response of AUR assay signal to phosphate concentration.  

(A) Plot of fluorescent signal (Ex/Em =568/588 nm in arbitrary units, a.u.) against phosphate concentrations 

(0-40 μM) at different times. Dotted lines represent linear regression fit at the specified times (B) As in “A” 

but showing only the phosphate concentrations from 0 to 10 μM.  

Next, the concentration of the enzymes that participate in the signal cascade (PNP 

and XO) were adjusted, in order to find the widest dynamic range of the AUR assay. 

Testing different concentrations of PNP (0 – 4 U/mL) in presence or absence of 

10 µM Pi (solid or dotted lines, respectively), revealed that a concentration of 

1 U/mL provided the maximum assay window (greatest signal difference between 
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0 and 10 µM Pi) (Figure 4.4A). XO was also titrated (from 0.4 to 1.65 U/mL) and 0.8 

U/mL was the concentration that gave the best signal separation (Figure 4.4B). 

 

Figure 4.4. Response of AUR assay signal to changes in PNP and XOD concentration.  

(A) Plot of fluorescent signal (Ex/Em =568/588 nm in arbitrary units, a.u.) against time using PNP (purine 

nucleoside phosphorylase) at different concentrations in presence or absence of 10 μM phosphate (solid or 

dotted lines, respectively) (B) As in “A” but titrating XO (xanthine oxidase) 

These conditions were then used to test the AUR assay when the phosphate was 

produced by dephosphorylation reactions (Figure 4.5). Three different eIF2αP 

concentrations (5, 8 and 10 µM) were added in presence (solid line) or absence 

(dotted line) of 1.3 µM of binary phosphatase complex (PP1/PPP1R15B631-700-MBP). 

The AUR signal increased in the presence of phosphatase complex but this was 

independent of phosphorylated substrate, suggesting that other sources of 

phosphate would be contributing to the detected signal.  

 

Figure 4.5. Response of AUR assay signal to titrations of eIF2αP subjected to dephosphorylation 

reactions. 
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Plot of fluorescent signal (Ex/Em =568/588 nm in arbitrary units, a.u.) against time using eIF2αP at different 

concentrations in presence or absence of 1.3 μM phosphatase (solid or dotted lines, respectively). 

Addition of the phosphatase complex and phosphorylated substrate could 

contribute to the AUR signal not only through the dephosphorylation of the 

substrate, but also if the solutions added to the experiment would be contaminated 

with phosphate. Each of the potential sources of phosphate was tested individually 

(Figure 4.6). Every single component, when added individually, increased the AUR 

signal in presence of 10 µM substrate, suggesting the high sensitivity of the assay to 

small variations in the experimental conditions, which precludes unambiguous 

interpretation of the results (see further discussion in section 5.5). 

 

Figure 4.6. Response of AUR assay signal to different modifications in the solutions. 

Plot of fluorescent signal (Ex/Em =568/588 nm in arbitrary units, a.u.) against time under different assay 

conditions in presence or absence of 10 μM phosphate (solid or dotted lines, respectively). 

 

In order to detect subtle differences in enzymatic activity upon addition of different 

compounds, the assay to be used in a HTS must generate a robust signal. However, 

the AUR assay showed a dramatic response to even minor changes of the reaction 

conditions. Therefore, the AUR assay was not further considered as a reliable 

method to look for eIF2α phosphatase inhibitors by HTS.  

4.2 Malachite Green assay 

4.2.1 Principle 

The Malachite Green (MG) assay is a colorimetric method that detects soluble 

phosphate by measuring the formation of a complex between Malachite Green 

oxalate and phosphomolybdate under acidic conditions (Geladopoulos et al., 1991). 

Free phosphate forms a complex with molybdate giving rise to phosphomolybdic 
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acid. This phosphomolybdate complex interacts with Malachite Green, whose 

absorbance peak shifts from 540 nm (when alone) to 630 nm (in complex). 

Therefore, this assay might be suitable to measure the phosphate released from 

eIF2αP in enzymatic dephosphorylation reactions (Figure 4.7). 

 

Figure 4.7. Schema eIF2αP dephosphorylation reaction coupled to a Malachite Green assay. 

The different intermediates generated by the reaction are annotated and the colours on their names represent 

the visible colour of the reactions at these different stages.  

 

4.2.2 Results 

An initial titration with inorganic phosphate was done to test the sensitivity and 

linear range of the assay (Figure 4.8). This showed a linear response to phosphate 

concentrations up to 50 µM.  

 

Figure 4.8. Phosphate titration using Malachite Green assay. 

Plot of absorbance (at 612 nm) against phosphate concentrations. Red line represents linear regression fit 

of data points (black dots) and information about the goodness of the fit is provided by the r2 value. Data 

obtained from two independent experiments are shown.  

This result indicates that eIF2αP should be present at 50 µM in order to achieve a 

similar linear dynamic range when the MG assay is coupled to dephosphorylation 

reactions. However, given the volumes required to conduct a HTS, this assay would 
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require amounts of substrate (if used at 50 µM) that vastly exceed the production 

capacity of standard molecular biology laboratory. 

The solution to that problem was to create a “self-regenerating” system in which the 

amount of phosphate to be measured would be independent of the absolute amount 

of eIF2α substrate added to the reaction. This was accomplished by coupling the 

dephosphorylation of eIF2α to its phosphorylation by adding an eIF2 kinase (in this 

case PERK) and ATP to the reaction. In that system, non-phosphorylated eIF2α 

would be phosphorylated by the kinase (which would induce a concomitant 

conversion of ATP to ADP). The dephosphorylation of this phosphorylated eIF2α by 

the phosphatase would release a phosphate that would be measured by MG. 

Therefore, the accumulation of phosphate would be directly proportional to the 

dephosphorylation activity (and to the consumption of ATP by the kinase). This 

strategy circumvents the dependence on large quantities of eIF2α and allows the 

reaction to be easily scaled up for the HTS (Figure 4.9). 

 

Figure 4.9. Schema of eIF2α phosphorylation and dephosphorylation reaction coupled to a 

Malachite Green assay. 

 

Coupled eIF2α phosphorylation/dephosphorylation reactions were set up by 

pre-incubating the phosphatase components with non-phosphorylated eIF2α and 

limiting concentrations of ATP (to limit the maximal amount of produced phosphate 

to the linear detection range of the assay). The reactions were then started by 

addition of the kinase. The signal produced by this regenerating system proved to 

be dependent on all the individual components (Figure 4.10A). The absence of 

binary phosphatase complex (PP1/PPP1R15B631-700-MBP), G-actin or eIF2αP 

substrate dramatically reduced the signal obtained after 180 min of eIF2αP 
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dephosphorylation reactions compared to reactions that contained 

PP1/PPP1R15B631-700-MBP/G-actin (control). Removal of ATP only partially 

reduced the signal obtained, suggesting that different source(s) of phosphate, other 

than the ATP added, was used by the kinase to phosphorylate eIF2α. Okadaic acid 

(500 nM), a PP1 inhibitor, reduced the signal to the same extent as the removal of 

the phosphatase complex, however, part of its effect can be attributed to the DMSO 

(in which this compound was dissolved), because the solvent alone also reduced the 

phosphatase activity. Nonetheless, the amount of DMSO used (added at 1.6%) is 

much higher that what is normally used in screenings (at 0.5% or even less). 

The contribution of PERK to the signal of the assay was analysed in a time-course 

experiment in which reactions with or without PERK were stopped at different 

times to calculate the phosphate being released (using the MG assay, Figure 4.10B) 

and to check the phosphorylation status of eIF2α (using PhosTag SDS-PAGE ,Figure 

4.10C). The signal of the MG assay increased over time only in reactions containing 

the kinase. The analysis by PhosTag SDS-PAGE indicated that the phosphorylation 

of eIF2α by the kinase occurred faster than its dephosphorylation by the 

phosphatase, as evident by the accumulation of phosphorylated eIF2α over time, 

Figure 4.10C, lanes 1 to 7).  

These two experiments point at the contribution of all the enzymatic components to 

the final signal measured in the MG assay, and identify the dephosphorylation as the 

rate-limiting step.  
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Figure 4.10. Response of Malachite Green assay signal to several modifications. 

(A) Plot of absorbance (612 nm) of reactions performed under different conditions (different colours) 

compared to control (black). (B) Plot of absorbance (612 nm) against time of time-course reactions 

performed in presence (blue) or absence (red) of the kinase PERK (C) Coomassie-stained 

PhosTag-SDS-PAGE gel containing resolved samples from reactions shown in “B”.  

Following optimisation of assay solution conditions (in terms of pH, buffering agent 

or salt concentration) (Figure 4.11A, B & C), an initial reproducibility and robustness 

test of the assay was performed for three conditions: (i) a control reaction 

containing the ternary phosphatase complex, (ii) reactions in presence of okadaic 

acid or (iii) reactions lacking the kinase PERK (Figure 4.11D). This test revealed the 

high reproducibility and consistency of the assay, even when set up manually.  
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Figure 4.11. Effect of assay solution composition and reproducibility of Malachite Green assay. 

(A) Plot of absorbance (612 nm) against time of reactions performed in Tris-HCl buffer solutions with 

different pH values (grey shades). The red arrow points at the condition for which the highest signal was 

obtained (B) As in “A” but varying the buffering agent at different pH values and at a single time point 

(150 min). (C) As in “A” but varying salt concentration at a single time point (150 min). (D) As in “A” but 

comparing reactions (n = 48) supplemented with 500 nM okadaic acid (red squares) or without PERK 

(green triangles) to control (blue circles). The z-values of the different conditions compared to control are 

annotated. The mean values and SD are indicated with the black and grey lines, respectively.  

The experiment above allowed the calculation of a quality control parameter called 

z-factor (z’). The z-value is calculated by using the formula in Equation 4.1 (J. Zhang, 

J., 1999): 
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Equation 4.1 

𝑧 = 1 − 
3𝑆𝐷 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 + 3𝑆𝐷 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

|𝑚𝑒𝑎𝑛 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙|
 

Where SD refers to the standard deviation.  

This parameter takes into account the variability of the data acquired within a 

specific condition (reflected in the numerator) and the dynamic range of the assay 

(based on the values obtained at different conditions, reflected in the denominator). 

According to this parameter, an ideal assay would have a z-factor =1, because it 

would theoretically have no variation within the data for a specific condition 

(SD = 0) or have an infinite dynamic range (mean of sample – mean of control = ∞). 

An assay is considered to be suitable for HTS when its calculated z-factor is > 0.5, as 

were the values obtained for this assay (showed in Figure 4.11D). 

Given that the assay had to be automated to be suitable for a HTS, a robot was used 

next to set up a reproducibility test. Although the liquid handling method could 

potentially affect the results, the automated dispensing method did not alter the 

phosphate-concentration-dependent response of the assay (Figure 4.12A) or its 

reproducibility when several conditions were tested (Figure 4.12B)  

 

Figure 4.12. Malachite Green assay dispensed using a robot.  

(A) Plot of absorbance (612 nm) obtained from phosphate titrations (n = 96, grey shades). The mean values 

and SD are indicated with the black and grey lines, respectively. (B) As in “A” but with data from reactions 

performed at different conditions (n = 48, colours). The z-values of the different conditions compared to 

control are annotated. Note: PERK inhibitor (PERKi) was used at 400μM and okadaic acid was used at 

500 nM.  
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Figure 4.12B shows the z-factor values calculated from reactions performed under 

different conditions compared to control reactions (containing all the enzymatic 

components: ternary phosphatase complex and kinase). These conditions 

resembled possible outcomes of a HTS, in which the added compounds could affect 

any of the components present in the assay. For all the conditions tested, the z-factor 

values obtained were > 0.5, confirming the aptness of the MG method to be used in 

a HTS.  

This assay also responded proportionally to increasing concentrations of 

tautomycin, reflecting its ability to detect various degrees of inhibition of the 

phosphatase (Figure 4.13)  

 

Figure 4.13. Response of Malachite Green to PP1 inhibitor, tautomycin.  

(A) Plot of absorbance (612 nm) obtained from reactions performed in presence of tautomycin titrations. 

Blue line represents the fitting of a “[Inhibitor] vs. response - Variable slope (four parameters)” model using 

GraphPad Prism v7. The fitting values IC50 and r2 are annotated. The experiment was performed once with 

triplicates. (B) As in “A” but with data from reactions performed at different conditions (n = 16, colours). 

The z-values of the different conditions compared to control are annotated. The mean values and SD are 

indicated with the black and grey lines, respectively 

Unfortunately, despite its favourable performance in these experiments, the MG 

assay had to be rejected. The reason was the difficulty of removing traces of 

Malachite Green from re-usable elements of the liquid handling systems. This 

information was provided by experts from the HTS facilities available to us only at 

this advanced stage of assay development.  
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4.3 Direct ELISA 

4.3.1 Principle 

In a direct ELISA (enzyme-linked immunosorbent assay) an antigen is immobilized 

on a surface and it is recognised by an enzyme-labelled antibody. The enzyme 

conjugated to the antibody catalyses the transformation of a substrate in a colourful 

product, whose abundance can be measured by optical techniques (Shah and 

Maghsoudlou, 2016). 

For the experiments performed here, the eIF2αP substrate was used as an antigen to 

be recognised by a rabbit phospho-specific eIF2α antibody (primary antibody). A 

horseradish-peroxidase-conjugated (HRP-conjugated) goat anti-rabbit antibody 

was used as a secondary antibody to catalyse the transformation of 

tetramethylbenzidine (TMB0) into a soluble blue product (TMB+) that becomes 

yellow upon buffer acidification (TMB2+). Thus, absorbance measured at 450 nm 

generates a signal that is directly proportional to the amount of phosphorylated 

substrate on the plate (Figure 4.14). 

 

Figure 4.14. Schema eIF2αP dephosphorylation reaction coupled to a direct ELISA assay. 

 

4.3.2 Results 

Unlike previous in-solution assays, the ELISA assay required the substrate to be 

immobilised on a surface. Therefore, two considerations had to be taken into 

account for the use of this method: first, it had to provide an easily distinguishable 

signal between the phosphorylated and non-phosphorylated forms of the substrate 

and second, the immobilization of the substrate on the plate should not interfere 
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with the ability of the phosphatase complex to dephosphorylate it. These two factors 

were assessed sequentially.  

Increasing concentrations of phosphorylated and non-phosphorylated eIF2α were 

used to coat ELISA plates and two antibodies were tested for their ability to 

recognise only the phosphorylated form of the substrate (anti-eIF2αP) or both the 

phosphorylated and non-phosphorylated substrate (anti-eIF2α) (Figure 4.15). The 

signal for the anti-eIF2α antibody (right part of the graph) was proportional to the 

antibody concentrations (1:500 – 1:40500 dilutions) and this antibody showed a 

similar ability to recognise the substrate regardless of its phosphorylation status 

(compare blue and pink bars). In the case of the anti-eIF2αP antibody (left part of 

the graph), the signal obtained was also proportional to both antibody and substrate 

concentrations but it was only conspicuous when eIF2αP was used to coat the plate 

(pink bars). The difference in signal obtained when eIF2α or eIF2αP were detected 

with the anti-eIF2αP antibody reflected a potential dynamic range of this ELISA 

assay when coupled to eIF2αP dephosphorylation reactions. Therefore, this 

preliminary data showed the ability of the assay to detect changes in eIF2αP 

dephosphorylation, which suggested the potential suitability of this assay for HTS. 

 

Figure 4.15. Effect of antibody and substrate titration in the signal of the ELISA assay.  

Plot of absorbance (450 nm) of plates coated with different concentrations of eIF2α0 (blue bars) or eIF2αP 

(pink bars) and detected with either anti-eIF2αP antibody (left part of the panel) or anti-eIF2α antibody 

(right part of the panel). Green bars serve as a control for background signal of the antibodies obtained in 

non-eIF2α-coated wells.  

Next, different amounts of eIF2αP were used to coat the ELISA plates and these 

immobilised substrates were subjected to 30-minute dephosphorylation reactions 

by adding various amounts of binary phosphatase complex 

(PP1γ/PPP1R15B631-700-MBP), ternary phosphatase complex 
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(PP1γ/PPP1R15B631-700-MBP/G-actin) or λ phosphatase (a promiscuous and active 

bacteriophage phosphatase) (Figure 4.16). The signal of the anti-eIF2αP antibody 

decreased with increasing concentrations of λ phosphatase, showing the ability of 

this phosphatase to dephosphorylate the immobilised substrate (right part of the 

graph). However, neither the addition of binary nor the addition of ternary 

phosphatase complexes (left and middle part of the graph) decreased the anti-eIF2P 

signal as much as the λ phosphatase. The fact that the anti-eIF2P signal was very 

similar upon addition of binary (PP1γ/PPP1R15B631-700-MBP) and ternary 

phosphatase complexes (PP1γ/PPP1R15B631-700-MBP/G-actin), suggests that 

G-actin did not provide specificity to the phosphatase in this assay. Most likely, the 

dephosphorylation of eIF2αP observed in both cases was due to the unspecific 

activity of the apo-PP1 enzyme. This data point at a poor recognition of the attached 

substrate by the PP1-containing phosphatase complexes. 

 

Figure 4.16. Test of eIF2αP dephosphorylation by different phosphatases on ELISA plates.  

Plot of absorbance (450 nm) of plates coated with different concentrations of eIF2αP (pink bars) detected 

with anti-eIF2αP antibody after dephosphorylation reactions in presence of PP1/PPP1R15B, 

PP1/PPP1R15B/G-actin or λ phosphatase at different concentrations.  

When proteins are used to coat regular ELISA plates (which do not contain any 

coating on their surface to promote specific binding, such as Ni-NTA or GST), they 

bind to the plate’s surface through hydrophobic interactions between the plastic and 

non-polar residues of the protein. This type of binding might had caused a random 

disposition of the substrate on the surface that, somehow, interfered with the 

recognition of eIF2 by the phosphatase.  

To test this hypothesis, Ni-NTA-coated ELISA plates, to which the same substrate 

(that was His6-tagged) would attach in a more uniform orientation, were used. The 
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experiment showed in Figure 4.16 was repeated but using these Ni-NTA-coated 

plates (Figure 4.17). Although the aim of this experiment was to assess the ability of 

the enzyme to recognise the substrate, the major change observed was in regards to 

antibody signal. The use of this Ni-NTA-coated plates affected the ability of the 

antibody to recognise the phosphorylated substrate, as the signal obtained was not 

dependent on the concentration of eIF2αP (compare data between Figure 4.17 and 

Figure 4.16). Therefore, the use of Ni-NTA-coated plates was discarded for this 

assay. 

 

Figure 4.17. Test of eIF2αP dephosphorylation by different phosphatases on Ni-NTA ELISA plates. 

Plot of absorbance (450 nm) of Ni-NTA-coated plates to which different concentrations of eIF2αP were 

immobilised (pink bars), dephosphorylated in presence of PP1/PPP1R15B, PP1/PPP1R15B/G-actin or λ 

phosphatase at different concentrations and detected with anti-eIF2αP antibody. 

The problem with this assay seemed to be the attachment of eIF2αP to the plate, 

which generated problems with regards to its recognition by either the phosphatase 

complex or the anti-eIF2αP antibody. In order to recreate “in-solution” conditions, 

new versions of eIF2αP were engineered to contain flexible linkers between the 

protein sequence and the C-terminal His6 tag. Three flexible linkers were tested: 

{Gly-Gly-Gly-Gly-Ser}, a commonly used flexible linker consisting of stretches of Gly 

and Ser; {GSAGSAAGSG}, this linker is suggested to maintain good solubility in 

aqueous solutions and its DNA-encoding sequence has less repeats and thus is less 

likely to be deleted by homologous recombination during cloning (Chen, X. et al., 

2013); and {AviTag} linker, which acts both as a flexible linker and as a different 

mechanism of attachment. This sequence can be specifically recognised by the biotin 

ligase BirA and, once biotinylated, can be used to attach the protein that contains it 

to neutravidin-coated ELISA plates (Fairhead and Howarth, 2015). 
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During the purification of these substrates by nickel affinity using Ni-NTA beads (as 

explained in method section 6.1.8) the proteins were not eluted, in order to recreate 

conditions similar to their attachment to the Ni-NTA-coated ELISA plate. These 

bead-bound substrates were dephosphorylated by binary complexes 

(PP1γ/PPP1R15B631-700-MBP) in presence or absence of G-actin (Figure 4.18A). 

Among the three linker-containing substrates tested, the AviTagged substrate was 

most efficiently dephosphorylated and its dephosphorylation was enhanced by 

G-actin (Figure 4.18). Therefore, the AviTagged substrate was chosen for 

subsequent ELISA experiments.  

 

Figure 4.18. Dephosphorylation of eIF2αP substrates containing different flexible linkers and 

attached to Ni-NTA beads.  

(A) Coomassie-stained PhosTag-SDS-PAGE gel loaded with samples from 25 min dephosphorylation 

reactions performed using PP1γ/PPP1R15B631-700 as binary complex phosphatase (at 1 or 15 nM) and 

eIF2α-GGGGS, eIF2α-GSAGSAAGSSG or eIF2α -AviTag as substrates (2 μM) in presence or absence of 

G-actin (400 nM). The percentage of dephosphorylation (% dP) is shown below the gel image. (B) Plot of 

percentage of dephosphorylation of different substrates (colours) when 15 nM (left) or 1 nM (right) of 

binary complex were used in dephosphorylation reactions. Data obtained from the image shown in “A”.  

The biotinylated AviTagged substrate was used to coat regular ELISA plates and 

neutravidin-coated ELISA plates. The performance of the anti-eIF2αP and anti-eIF2α 

antibodies was tested on these two plates (Figure 4.19). As observed previously 

with the eIF2αP substrate, the signal of the anti-eIF2αP antibody was proportional to 

its concentration and to the concentration of AviTag-eIF2αP when regular ELISA 
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plates were used (Figure 4.19A). However, the same antibody failed to recognise the 

AviTag-eIF2αP substrate when neutravidin-coated plates were used (Figure 4.19B).  

 

Figure 4.19. Difference in signal between regular ELISA and neutravidin-coated plates using 

biotinylated antigen.  

(A) Plot of absorbance (450 nm) of regular ELISA plates to which of Avi-eIF2α0 at a single concentration 

(blue bars) or Avi-eIF2αP at different concentrations (pink bars) were attached and detected with either anti-

eIF2αP antibody (left part of the panel) or anti-eIF2α antibody (right part of the panel). (B) As in “A” but 

using neutravidin-coated plates.  

All these experiments revealed the difficulty to find a combination of tagged eIF2αP 

and ELISA plate that would allow the recognition of the eIF2αP by the phosphatase 

complex and the anti-eIF2αP antibody. It pointed to the need to separate the two 

events (the dephosphorylation reaction and the ELISA detection assay), and a 

sequential-step assay was proposed as a solution: first, eIF2αP dephosphorylation 
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reactions were performed in regular 1.5 mL reaction tubes and the reactions were 

then stopped by addition of PP1 inhibitor (tautomycin); a small fraction of the 

reactions were resolved on a PhosTag SDS gel and the rest was diluted in PBS and 

used to coat regular ELISA plates. Each dephosphorylation reaction provided 

material to load one lane of a PhosTag SDS-PAGE gel and to coat 2 wells of the ELISA 

plate (to be recognised by the anti-eIF2αP and the anti-eIF2α antibodies).  

Following this procedure, dephosphorylation reactions of eIF2αP were performed 

in presence of binary complex (PP1γ/PPP1R15B631-700-MBP) or ternary complex 

(PP1γ/PPP1R15B631-700/G-actin) (Figure 4.20). The PhosTag SDS-PAGE gel showed 

increased dephosphorylation of eIF2αP over time only in dephosphorylation 

reactions that contained the ternary phosphatase complex (Figure 4.20A). The 

ELISA method showed that, when similar amounts of total substrate were 

immobilised on the plate (anti-eIF2α antibody signal), the anti-eIF2αP antibody 

signal decreased only when dephosphorylation reactions performed with ternary 

phosphatase complex were used to coat the plate, being consistent with the eIF2αP 

signal observed on the PhosTag gels (Figure 4.20B).  

 

Figure 4.20. ELISA detection of eIF2αP subjected to dephosphorylation reactions (prior to 

attachment to ELISA plate).  
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(A) Coomassie-stained PhosTag-SDS-PAGE gel loaded with samples from eIF2αP (2 μM) 

dephosphorylation reactions performed in solution using PP1γ/PPP1R15B631-700 (15 nM)/G-actin (400 nM) 

or only PP1γ/PPP1R15B631-700 (15 nM) as phosphatase and stopped at different times by addition of 

tautomycin (200 nM). (B) Plot of absorbance (450 nm) of regular ELISA plates coated with the eIF2αP 

dephosphorylation reactions shown in “A” and detected with either anti-eIF2αP antibody (pink bars) or 

anti-eIF2α antibody (blue bars).  

The assay performed in two sequential steps (in solution dephosphorylation 

reaction followed by ELISA detection) could be used as a reliable method for 

detection of the phosphatase activity. However, the need for sequential steps made 

it more complicated for automation. For that reason, this assay was deemed 

unsuitable for the HTS, but it provided the basis to test other antibody-based assays 

performed in solution, such as the TR-FRET assay described in the next section.  

4.4 TR-FRET assay 

4.4.1 Principle 

The TR-FRET assay is based on the principle of Time-Resolved detection of 

Fluorescent Resonance Energy Transfer (TR-FRET) (Morrison, 1988). Regular FRET 

assays rely on the energy transfer between two fluorophores. This energy 

phenomenon occurs when a donor fluorophore becomes excited by light of a specific 

wavelength and transfers part of the absorbed energy to an acceptor fluorophore in 

its close proximity, which in turns releases this energy partly through fluorescence 

emission. Therefore, measurement of fluorescence at acceptor emission wavelength 

upon excitation at donor excitation wavelength provides a signal that correlates 

with the proximity of the two fluorophores. In the case of TR-FRET, the donor 

fluorophore has a long fluorescence lifetime, which allows measurement of the 

acceptor fluorescence signal long after the background fluorescence has dissipated 

(50-150 μs). Microplates, media and biological samples have a short fluorescence 

lifetime and, therefore, the time-resolved measurement aims to reduce interference 

from assay components and to increase data quality by reducing background and 

non-specific fluorescence of these various sources (Mei and Czarnik, 2002). 

In this case, the long-lifetime donor fluorophore was a terbium-lanthanide-labelled 

anti-eIF2αP antibody (Tb-anti-eIF2αP) (Excitation λ: 340 nm / Emission λ: 495 nm) 

and the donor fluorophore was GFP fused to an eIF2αP substrate 

(Excitation λ: 488 nm / Emmission λ: 520 nm). Hence, the TR-FRET signal observed 

with this TR-FRET pair (Tb-anti-eIF2αP /GFP-eIF2αP) would be reduced upon 
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dephosphorylation of the substrate by an active phosphatase complex, as the 

antibody would not recognise the non-phosphorylated GFP-eIF2α (Figure 4.21).  

 

Figure 4.21. Schema eIF2αP dephosphorylation reaction coupled to a TR-FRET assay. 

 

4.4.2 Results 

The basic principle for the TR-FRET assay is the signal dependence on both donor 

and acceptor. The donor, Tb-anti-eIF2αP antibody, was assayed at 3 different 

concentrations (0.5, 1 and 2 nM) and the acceptor, GFP-eIF2αP, was titrated from 0 

to 400 nM (GFP-eIF2α0 was included as a control for the specificity of the labelled 

antibody towards the phosphorylated form of the substrate). The signal obtained 

was proportional to concentrations of GFP-eIF2αP (but not GFP-eIF2α0) and was 

also dependent on the amount of Tb-anti-eIF2αP antibody (Figure 4.22A), indicating 

a reliable performance of the assay.  

In the same experiment, the difference in TR-FRET signal between GFP-eIF2αP and 

GFP-eIF2α0 at a given concentration informed about the dynamic range of the assay 

(Figure 4.22B). The signal was proportional to the amount of GFP-eIF2αP (acceptor) 

when it was used below 50 nM, but the TR-FRET signal was saturated when 

GFP-eIF2α was used at 50 nM (or above). This was observed at any of the three 

concentrations of Tb-anti-eIF2αP antibody used (0.5, 1 and 2 nM). Therefore, for 

subsequent experiments, the substrate concentration was set to 40 nM and the 

antibody concentration was set to 1 nM (to minimize the amount of antibody used 

without compromising the quality of the data if its fluorescence would decay over 

time). 
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Figure 4.22. Dependence of TR-FRET signal on both donor and acceptor.  

(A) Plot of TR-FRET signal (Em 520 nm/ Em 495 nm × 10,000) at different acceptor (GFP-eIF2αP, left 

part or GFP-eIF2α0, right part) and donor (Tb-anti-eIF2αP, coloured bars) concentrations (B) Dynamic 

range of the assay calculated as the difference between the signal from phosphorylated and non-

phosphorylated GFP-eIF2α from “A”. 

To test the dependence of the TR-FRET signal on the phosphatase activity, 1-hour in 

vitro GFP-eIF2αP dephosphorylation reactions were performed in presence of fixed 

concentrations of PPP1R15A325-636-MBP (80 nM) and G-actin (200 nM) and at 

increasing concentrations of the catalytic subunit PP1 (0 – 240 nM) (Figure 4.23A). 

Then, the reactions were stopped by addition of the PP1 inhibitor tautomycin and 

the Tb- anti-eIF2αP antibody was added to measure the TR-FRET signal (see section 

6.2.8 for complete protocol). As expected, the TR-FRET signal was inversely 

proportional to the concentration of PP1 used (higher concentrations of the 

phosphatase dephosphorylated more GFP-eIF2αP and caused the signal for the Tb- 

anti-eIF2αP antibody to decrease). When the dephosphorylation reactions lacked 

individual enzymatic components (PP1, PPP1R15A or G-actin), the TR-FRET signal 

increased, reflecting the less productive dephosphorylation of the substrate (and, 
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hence, more remaining GFP-eIF2αP to interact with Tb- anti-eIF2αP) under these 

circumstances (Figure 4.23B). This suggests that the signal of the assay was 

dependent on the presence of all the enzymatic components of the phosphatase 

complex, and that this assay could potentially capture changes in the enzymatic 

activity brought about by affecting the functionality of any of the involved enzymatic 

components.  

 

Figure 4.23. Dependence of TR-FRET signal on phosphatase enzymatic component.  

(A) Plot of TR-FRET signal (Em 520 nm/ Em 495 nm × 10,000) against PP1γ concentrations (nM), 

obtained from GFP-eIF2αP dephosphorylation reactions (1 hour) performed with fixed concentrations of 

PPP1R15A325-636-MBP (80 nM) and G-actin (200 nM) and the indicated concentrations of PP1. Each 

condition was assessed in triplicates (black dots) and their mean values and SD are represented by black 

and grey bars, respectively. The red line denotes the fitting to the ”[Agonist] vs. response - variable slope 

(four parameters)” function of GraphPad Prism v7. EC50 and goodness of fitting (r2) are shown. (B) As in 

“A” but reactions lacking each enzymatic component individually (red, green and purple) or all of them 

(orange) compared to control (containing the three enzymatic component, black).  

Next, GFP-eIF2αP dephosphorylation reactions were set up by adding ternary 

phosphatase complexes (PP1/PPP1R15A/G-actin) or only PP1 and G-actin, and 

these reactions were stopped at different times to check the ability of the TR-FRET 

assay to detect differences in rate of dephosphorylation (Figure 4.24A). Only the 

signals obtained from dephosphorylation reactions stopped at the latest time points 

(30-60 min) were consistent with the expected amount of phosphorylated substrate 

(GFP-eIF2αP) remaining on each condition: highest in reactions with no added 

phosphatase (black), followed by those that lacked regulatory subunit (red) and 
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lastly those that had the three enzymatic components (blue). However, the ability of 

the assay to measure the different rates of substrate dephosphorylation was difficult 

to be assessed, as the TR-FRET signal decayed in reactions stopped at late time 

points compared to those stopped at early time points (compare higher signal at 

time = 0 min than time = 60 min in Figure 4.24A).  

The reason for this phenomena could be explained by the differences in incubation 

of the TR-FRET pair. In the other experiments described above, the acquisition of 

the TR-FRET data was done ~10 – 20 min after addition of TR-FRET solution 

(containing tautomycin to stop the dephosphorylation reactions and the TR-FRET 

donor). However, in this time-course experiment, all the GFP-eIF2αP 

dephosphorylation reactions were started at the same time, the TR-FRET solution 

(tautomycin and Tb-anti-eIF2αP antibody) was added at specified times, and all data 

were acquired simultaneously. Consequently, the TR-FRET pair (Tb-anti-eIF2αP 

antibody and GFP-eIF2αP) was incubated for longer time in reactions stopped at 

early time points, and this longer incubation showed to substantially increase the 

assay signal. The plate containing these reactions was also read 3 and 6 hours later, 

to allow a long incubation of all the reactions with the Tb-anti-eIF2αP antibody. This 

TR-FRET pair incubation increased and stabilized the signal of all the reactions 

(compare the similar traces at 3 or 6 hours in Figure 4.24B to the traces in Figure 

4.24A). Interestingly, after this long TR-FRET pair incubation, the signal obtained 

from reactions with no added phosphatase (black) or only PP1 (red) appeared 

indistinguishable, suggesting that the high concentrations of remaining 

phosphorylated substrate (GFP-eIF2αP) in these reactions were above the linear 

range of the assay. In other words, the long incubation of the TR-FRET pair stabilized 

the signal of the assay and increased its sensitivity, as it showed now signal 

saturation when the amounts of GFP-eIF2αP were high. 
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Figure 4.24. Effect of Tb- anti-eIF2αP antibody incubation on the TR-FRET signal  

(A) Plot of TR-FRET signal (Em 520 nm/ Em 495 nm × 10,000) against dephosphorylation reaction time 

(min) from eIF2αP dephosphorylation reactions performed with the ternary complex (PP1/PPP1R15A/G-

actin, 60/80/200 nM, blue lines), with PP1/G-actin (60/200 nM, red) or without phosphatase (black). 

Dephosphorylation reactions were stopped at specified times with a solution containing both stopping 

reagent (tautomycin) and TR-FRET donor. TR-FRET measurement was done immediately after stopping 

the latest time points (meaning after 1 hour incubation of early time points). (B) As in “A” but TR-FRET 

measurement was done 3 or 6 hours later.  

To test this idea with a simpler approach, a titration of acceptor (2-40 µM, 

GFP-eIF2αP) was mixed with Tb-anti-eIF2αP antibody. Their TR-FRET signal was 

acquired immediately after their mixing (no incubation) or after 3-6 hours of 

incubation (Figure 4.25A). Again, higher TR-FRET signal was obtained after 

TR-FRET pair incubation (compare values obtained at 3 and 6 hours incubation to 

those obtained with no incubation) and the assay lost its linear response to high 

concentrations of GFP-eIF2αP whilst maintaining it for low concentrations (compare 

the r2 values for the linear fits in Figure 4.25A & B). Assuming that the TR-FRET 

signal is stable when the binding of the Tb-anti-eIF2αP to the GFP-eIF2αP has 

reached equilibrium, it is likely that this interaction could have been limited due to 

the use of low concentrations of the antibody.  
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For subsequent experiments, the TR-FRET pair was incubated, to mimic the waiting 

time that occurs when handling large amounts of plates in a HTS (for practical 

convenience the incubation was done for 2 hours, as this seemed to be enough to 

stabilize the signal). Hence, the GFP-eIF2αP was reduced accordingly (15 nM), to 

assure the linear response of the assay under this new conditions.  

 

Figure 4.25. Signal of acceptor concentration upon TR-FRET pair incubation 

(A) Plot of TR-FRET signal (Em 520 nm/ Em 495 nm × 10,000) against acceptor concentrations (2-40 µM, 

GFP-eIF2αP) upon incubation of TR-FRET pair for 0, 3 or 6 hours. The lines represent the linear regression 

fitting of the curves using GraphPad Prism v7. Goodness of fitting is shown for each condition (r2) (B) As 

in “A” but showing only low concentrations of acceptor (2-15 µM, GFP-eIF2αP). 

Upon implementation of these considerations, the sensitivity of the assay to DMSO 

and the response of the assay to tautomycin was tested (Figure 4.26). The signal of 

the assay, measuring dephosphorylation reactions of 15 nM GFP-eIF2αP by binary 

complexes (PP1/PPP1R15A325-636-MBP) or ternary complexes 

(PP1/PPP1R15A325-636-MBP /G-actin), was not affected by the addition of increasing 

amounts of DMSO (Figure 4.26A). Also, the TR-FRET assay was sensitive to 

increasing amounts of the PP1 inhibitor tautomycin in the dephosphorylation 

reactions (Figure 4.26B). These experiments confirmed the assay’s suitability for 

HTS in which compounds, usually dissolve in DMSO, could produce different degrees 

of inhibition of the enzyme.  
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Figure 4.26. DMSO tolerance and response to inhibitor titrations of TR-FRET assay.  

(A) Plot of TR-FRET signal (Em 520 nm/ Em 495 nm × 10,000) against DMSO concentrations (in %) from 

reactions performed with the ternary complex (PP1/PPP1R15A/G-actin, 60/80/200 nM, blue lines), with 

PP1/G-actin (60/200 nM, red) or no phosphatase (black). Each condition was done in triplicate. Shown are 

mean values (dots) and SD (lines) of the three measurements. (B) As in “A”, but eIF2αP dephosphorylation 

reactions with ternary phosphatase complex (PP1/PPP1R15A/G-actin, 60/80/200 nM) were performed in 

presence of titrating amount of tautomycin. The black line represents the fitting of “[Inhibitor] vs. response 

- Variable slope (four parameters)” using GraphPad Prism v7. IC50 and goodness of fitting (r2) are shown. 

 

The z-factor, calculated with Equation 4.1, also supports the suitability of the assay 

(Figure 4.27), as the value calculated was higher than 0.5. 

 

Figure 4.27. Z-value for TR-FRET assay in manual dispensing 

Plot of TR-FRET signal (Em 520 nm/ Em 495 nm × 10,000)) obtained from eIF2αP dephosphorylation 

reactions performed with the ternary complex (PP1/PPP1R15A/G-actin, 60/80/200 nM, blue lines) or no 

phosphatase (black). The z-values of the enzyme conditions compared to control are annotated. The mean 

values and SD are indicated with the black and grey lines, respectively. 

 



163 
 

In order to further validate the assay, a small library of 64 compounds was screened 

in duplicate at a single concentration (0.5 mM) on GFP-eIF2αP dephosphorylation 

reactions performed with ternary phosphatase complexes 

(PP1/PPP1R15A325-636-MBP/G-actin). The reactions were analysed by TR-FRET 

(Figure 4.28). HTS are typically carried out at compound concentrations of 5-10 µM. 

However, the aim here was to ensure that some of the compounds would result in a 

positive signal, hence the choice of a relatively high concentration. The assay 

showed high reproducibility, reflected by the good fit of the replicated data to a 

linear function (r2= 0.93). Additionally, this assay showed that most of the 

compounds did not inhibit the dephosphorylation reaction (see cloud of compounds 

at 0 % inhibition) and the data obtained for reactions that contained non-inhibited 

ternary phosphatase complexes (green), non-inhibited binary phosphatase 

complexes (blue), “inhibited” enzyme (salmon), and ternary phosphatase complexes 

in presence of 1 µM tautomycin (red), validated the performance of the assay.  

 

Figure 4.28. Reproducibility test of TR-FRET assay using a small library of compounds 

Plot of percentage of inhibition of an experiment performed twice (replicates 1 and 2) in which 64 

compounds (grey) were assayed at 500 µM in GFP-eIF2αP dephosphorylation reactions using ternary 

phosphatase complexes (PP1/PPP1R15A/G-actin at 60/80/200 nM) or different controls (specified in 

colours). The solid black line represents the fitting of the data to a linear function (goodness of fitting shown 

as r2) and the dotted grey lines represent 95% confidence interval of the fitting.  
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4.5 Conclusion 

Measuring the activity of the phosphatase by in vitro methods is a challenging task, 

especially when the assay has to be automated and implemented for HTS.  

The use of the Amplex Ultra Red system appeared to be the least favourable option, 

due to the variability of the signal as a consequence of the long enzymatic cascade 

necessary to produce it (see section 5.5 for the possible explanation).  

The Malachite Green method seemed a robust and reliable assay to measure the 

activity of the phosphatase, however, the staining properties of its solutions impede 

its use in facilities where HTS can be done.  

The antibody-based TR-FRET assay appeared as the best method to perform the 

HTS. The phosphatase activity detected in this assay was dependent on the presence 

of the three enzymatic components (catalytic subunit, regulatory subunit and 

G-actin) as well as on the presence of phosphorylated eIF2α and the anti-eIF2αP 

antibody. Moreover, it showed high DMSO tolerance and allowed detection of 

different degrees of phosphatase inhibition. Moreover, the assay showed robust 

reproducibility. 

Therefore, subject to availability of a suitable library and access to an HTS facility, 

the TR-FRET assay will be used to screen for (and potentially find) molecules that 

modulate the activity of the eIF2α phosphatase.  
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Chapter 5 Discussion 

5.1 The cellular role of G-actin as a cofactor of the 

PPP1R15/PP1 holophosphatase 

The results obtained from the in vitro eIF2α dephosphorylation reactions shown in 

this thesis suggest that the binding of G-actin to the PP1/PPP1R15 (A or B) 

holophosphatase complex promotes the specific dephosphorylation of this 

substrate. This observation is consistent with cellular experiments in which 

treatments that manipulate the cellular cytoskeleton (in particular, those that 

deplete free G-actin) are shown to increase levels of phosphorylated eIF2α and to 

retard its dephosphorylation rate (Chambers et al., 2015). 

The role of G-actin in regulating cellular processes has been previously observed in 

the case of other proteins. For example, the ability of MAL to act as a cofactor of the 

Serum Response Factor (SRF) transcription factor has been shown to be dependent 

on its binding to G-actin. The cofactor MAL is bound to G-actin and located in the 

cytoplasm, but upon induction of actin polymerization (during cell growth) cellular 

pools of G-actin are depleted, MAL is released from the cytoplasm and it enters the 

nucleus. Once there, MAL binds to the SRF transcription factor, which is then 

activated and triggers a signalling cascade (Miralles et al., 2003; Mouilleron et al., 

2008).  

The in vitro activity of the eIF2α holophosphatase is stimulated by low 

concentrations of G-actin (EC50= ~10 nM, Figure 2.18). The abundance of this 

protein in cells suggests that, under most cellular circumstances, G-actin would not 

be a limiting factor for the formation of the active trimeric eIF2 holophosphatase. 

Hence, G-actin could be considered as a constitutively-present cofactor of the 

phosphatase with no regulatory function. However, though actin is a very abundant 

protein, levels of G-actin may become limiting in some biological scenarios that 

require the formation of actin filaments, such as cell migration, axonal guidance or 

synaptic plasticity (Letourneau, 2009; Svitkina, 2018). In these circumstances there 

would be a competition for G-actin between the PPP1R15/PP1 holophosphatase 

complexes, the actin polymerization process and other G-actin binding proteins. In 

these cases, G-actin could act as a regulator of the activity of the phosphatase. 
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Experimentally, stabilizing F-actin with the drug jasplakinolide inhibits eIF2α 

dephosphorylation in cultured cells (Chambers et al., 2015), suggesting that it is 

possible to limit the formation of the active holophosphatase by limiting the pool of 

G-actin.  

In this theoretical framework, it could be hypothesized that actin dynamics 

contributes to the relationship between the modulation of the ISR (by regulating 

levels of phosphorylated eIF2) and memory formation (Sidrauski et al., 2013). The 

localized changes in G-actin/F-actin levels at the synapse, which are important for 

synaptogenesis (Dillon and Goda, 2005), could modulate the eIF2 holophosphatase 

activity and, hence, influence the levels of phosphorylated eIF2 that have been 

proposed to affect memory formation (Costa-Mattioli et al., 2007). 

The PPP1R15A/PP1 holophosphatase dephosphorylates eIF2, but this holoenzyme 

has also been suggested to regulate the dephosphorylation of the TGFβ type I 

receptor, the IκB kinase (IKK) and the tuberous sclerosis complexes (TSC) TSC1 and 

TSC2 (Watanabe et al., 2007). In particular, PPP1R15A is proposed to be recruited 

by SMAD7 to promote the dephosphorylation of TGFβ1 (Shi et al., 2004) and by 

CUEDC2 to promote the dephosphorylation of IKK (Li et al., 2008). Therefore, it is 

possible that G-actin could be a PPP1R15A-binding adaptor, which would direct the 

PP1/PPP1R15A holophosphatase activity towards eIF2 (although experiments that 

measure the binding of eIF2 and G-actin have to be done to prove this idea).  

Despite the conspicuous stimulatory effect of G-actin on eIF2α dephosphorylation 

(observed in vitro and in cells), it is conceivable that binary complexes of 

PP1/PPP1R15(A or B) can also favour eIF2 dephosphorylation in the absence of 

G-actin. It is possible that when levels of PPP1R15A are sufficiently elevated in cells, 

this regulatory subunit binds to the limited available pool of free PP1 and competes 

away other PP1 regulatory subunits. This would favour eIF2 dephosphorylation, 

excluding other competing cellular substrates (Figure 5.1A&B). Such enhancement 

of PP1-mediated eIF2 dephosphorylation by PPP1R15A alone would, however, not 

be apparent in the in vitro reactions in which there is no competition between 

different regulatory subunits and substrates. Therefore, in the cellular context, 

PPP1R15A could have a role in diverting limiting amounts of PP1 away from other 

substrates and towards eIF2, as well as a role in binding G-actin, which would be the 
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cofactor required to stimulate the intrinsic rate of eIF2 dephosphorylation (Figure 

5.1C).  

 

Figure 5.1. Model depicting PPP1R15A’s role in regulating eIF2αP dephosphorylation.  

(A) In absence of PPP1R15A the cellular pool of catalytic subunit (PP1) is preferentially bound by a variety 

of regulatory subunits (R1, R2, R3), which direct its phosphatase activity towards their specific substrates 

(S1, S2, S3), excluding the dephosphorylation of eIF2αP. In the substrate conversion section, see the 

preferential dephosphorylation of substrates S1, S2 and S3 (solid arrow) compared to eIF2α (dotted arrow). 

(B) When there are high levels of PPP1R15A, it recruits PP1 away from other regulatory subunits, 

redirecting its phosphatase activity towards eIF2αP by excluding other substrates. In the substrate 

conversion section, observe the inverted preferential dephosphorylation of substrates compared to “A”. (C) 

When present, G-actin joins the PPP1R15A/PP1 holophosphatase, increasing its intrinsic eIF2αP-directed 

catalytic activity. In the substrate conversion section, see the increased arrow thickness for eIF2αP 

dephosphorylation compared to “B”. 

 

5.2 The role of G-actin from a biochemical point of view: 

Enzyme kinetics  

As discussed in the previous section, the cellular role of G-actin (as a cofactor of the 

eIF2 holophosphatase) can only be speculated, and further experiments need to be 

done in order to determine it. However, some conclusions can be extracted from the 

in vitro eIF2α dephosphorylation reactions presented here about the specific effect 

that G-actin has on the kinetic parameters of the enzyme. To comment on that, 

enzymatic kinetic concepts need to be refreshed.  

According to the kinetic model of Michaelis-Menten, an enzymatic reaction can be 

described as follows (Berg et al., 2002): 
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Figure 5.2. Model for enzymatic reaction 

Where E is the enzyme, S the substrate, ES the complex of enzyme-substrate and P 

is the product. This model assumes that enzyme and substrate react to form an 

enzyme-substrate complex with an association rate constant k1. This ES complex can 

dissociate back to enzyme and substrate with a rate constant k-1 or be converted into 

enzyme and product with a rate constant kcat (also called k2).  

In most enzymatic reactions, the rate of substrate conversion to product (velocity of 

the enzyme, v, moles of substrate transformed per unit of time at a given 

concentration of enzyme) is linearly proportional to the substrate concentration 

when it is low. However, as substrate concentration increases, the enzyme gets 

saturated and the relationship between velocity and substrate concentration 

plateaus at the maximal velocity (vmax) (Figure 5.3).  

 

Figure 5.3. Relationship between enzyme velocity and substrate concentration in an enzyme-

catalysed reaction. Image from http://cellbiologyolm.stevegallik.org/node/55. 

 

When enzymatic reactions reach steady-state, meaning that the rate of formation of 

ES complex is equal to its rate of degradation, the enzymatic velocity can be defined 

by the Michaelis-Menten equation (Equation 5.1).  

Equation 5.1 

𝑉0 =  
𝑉𝑚𝑎𝑥  ∙ 𝑆

𝐾𝑚 + 𝑆
 

By definition of the steady-state, the initial enzyme velocity (v0) can be expressed 

using its catalytic rate (Equation 5.2). The total amount of enzyme (ET) present in 
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the reaction is the combined amount of free enzyme (E) and enzyme forming 

complexes (ES) (Equation 5.3). Therefore, the maximal velocity, vmax, happens when 

all the enzyme molecules (ET) present in the reaction are saturated by substrate, and 

hence all the molecules of enzyme are forming an ES complex (Equation 5.4).  

Equation 5.2 

𝑣0 =  𝑘𝑐𝑎𝑡 ∙ [𝐸𝑆] 

Equation 5.3 

[𝐸]𝑇 = [𝐸] + [𝐸𝑆] 

Equation 5.4 

𝑣𝑚𝑎𝑥 =  𝑘𝑐𝑎𝑡 ∙ [𝐸]𝑇 

Substituting vmax in the Michaelis-Menten equation (Equation 5.1) for its values in 

Equation 5.4, the following formula is obtained (Equation 5.5): 

Equation 5.5 

𝑉0 =  
𝑘𝑐𝑎𝑡 ∙ [𝐸]𝑇  ∙ 𝑆

𝐾𝑚 + 𝑆
 

Returning to the results in this study, the data in Figure 2.10 show that, when the 

substrate (eIF2αP) was added at concentrations of up to 4 μM, there is a linear 

relationship between the rate of eIF2αP dephosphorylation (per molecule of 

holophosphatase complex) and the substrate concentration. This linear relationship 

is also observed when eIF2αP is added up to 15 μM [(Chen et al., 2015) Figure 4 

supplement 1B therein)]. Assuming a hypothetical and extreme situation, in which 

the maximal velocity of the enzyme would be achieved close to the maximum 

feasible substrate concentration assayed (i.e., 18 μM), the minimal Km value for this 

enzyme (i.e., 9 μM) would be much greater than the concentration of substrate used 

in the dephosphorylation reactions (2 μM). In other words, it is safe to assume that 

the substrate concentrations used in the in vitro dephosphorylation reactions 

described here were all below the Km.  

When the enzymatic reactions are performed in conditions in which the substrate 

concentration is far below the Km, the amount of substrate is negligible compared to 

the Km value. Additionally, in that situation, the number of enzyme molecules that 

form an ES complex are negligible compared to the amount of free enzyme 
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molecules (E). Consequently, the derived Michaelis-Menten equation (Equation 5.5) 

can be expressed as (Equation 5.6): 

Equation 5.6 

𝑉0 =  
𝑘𝑐𝑎𝑡 ∙ [𝐸]  ∙ 𝑆

𝐾𝑚
 

Rearranging the terms in this equation: 

𝑉0

[𝐸]
=  

𝑘𝑐𝑎𝑡

𝐾𝑚
 ∙ 𝑆 

Hence, the slopes of the lines represented in Figure 2.10 are directly proportional to 

kcat and inversely proportional to the Km values. The greater steepness of the line 

obtained from eIF2αP dephosphorylation reactions performed in presence of 

ternary phosphatase complex compared to binary complexes or apo-PP1 might be a 

reflection of a higher kcat (generation of more molecules of product per second) or a 

lower Km of the ternary phosphatase complex compared to the PPP1R15/PP1 binary 

complex or the PP1 apo-enzyme. Based on the Km definition (Equation 5.7), the Km 

value is directly proportional to k-1 and inversely proportional to k1. Hence, if the 

joining of G-actin to the holophosphatase complex would lower the Km (without 

affecting its kcat) it could be due to a decrease in k-1 or an increase in k1. A lower k-1 

value would mean fewer ES complexes being dissociated into E and S per unit of 

time, that is to say that the ES complex in presence of G-actin would be more stable. 

A higher k1 value would mean more ES complexes formed per unit of time and this 

could be explained if, for example, G-actin would increase the affinity of the enzyme 

for the substrate.  

Equation 5.7 

𝐾𝑚 =  
𝑘−1 + 𝑘𝑐𝑎𝑡

𝑘1
 

In order to check whether G-actin affects the kcat or the Km of the enzyme, in vitro 

dephosphorylation reactions should be done with the different enzymes (apo-PP1, 

PPP1R15A/PP1 holophosphatase and ternary PP1/PPP1R15A/G-actin complex) 

adding saturating amounts of substrate. This experiment would allow to extract 

(and compare) the vmax (and hence, Km) values for the different enzymes. 
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Unfortunately, it was not possible to perform this experiment because of 

conspicuous precipitation of the substrate when used at high concentrations.  

Another alternative could be to find a way to measure the equilibrium constant 

arising from k1 and k-1 (i.e., separating the kinetic analysis of the enzyme-substrate 

complex from the catalytic events). However, the BLI assay used to measure the 

affinity of the enzymatic components did not provide convincing measurements of 

the enzyme-substrate pair. The use of either PP1 or PPP1R15A as ligands and eIF2α 

as an analyte produced very extreme and different signals by BLI (in some instances 

they would not bind at all and in other attempts they would remain bound and not 

dissociate). Therefore, the BLI system could not be trusted for the binding study of 

these proteins.  

Although the exact mechanism by which G-actin stimulates the PP1/PPP1R15A 

activity towards eIF2αP remains to be discovered, it can be hypothesized that 

G-actin does increase either the substrate affinity (lower Km), the enzyme stability 

(lower Km) and/or the substrate catalysis (higher kcat). 

 

5.3 Discrepant findings regarding the proposed eIF2 

phosphatase inhibitors as well as the requirement for 

G-actin for the holophosphatase activity. 

Genetic perturbance of the ISR, interfering for example with the PPP1R15A 

regulatory subunit of the eIF2 phosphatase, provides evidence for the benefits 

associated with increasing levels of phosphorylated eIF2 during unfolded protein 

stress (Ron and Harding, 2007; Smith and Mallucci, 2016; Van’t Wout et al., 2014). 

The finding that mice or cells lacking the PPP1R15A regulatory subunit are 

protected from ER-stress has instigated the development of compounds with 

proposed inhibitory activity on the eIF2 phosphatase. Of the three phosphatase 

inhibitors proposed (Salubrinal, Guanabenz and Sephin1), Sephin1 was reported to 

be the most specific and likely to be used as a therapeutic tool (Das et al., 2015).  

Sephin1 (and its predecessor Guanabenz) was initially proposed to disrupt the 

complex formation between the PP1 catalytic subunit and the PPP1R15A regulatory 
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subunit (Das et al., 2015; Tsaytler et al., 2011). However, the experiments presented 

here show that the use of Sephin1 in BLI assays did not have an effect on the direct 

measurement of the holoenzyme’s assembly (section 3.1.1). Furthermore, in vitro 

assays that measured the activity of the enzyme (and indirectly measured the effect 

of pre-assembled and functional holophosphatase complexes) were inert to the 

addition of the compound (section 3.1.2). These results were consistent with the 

inertness of these compounds in other studies [(Choy et al., 2015) Figure S4 

therein].Therefore, it suggests that the cellular experiments performed by Tsaytler 

et al. and Das et al., which reported an attenuation of PP1 recovery by PPP1R15A 

upon Guanabenz (or Sephin1) treatment, were unlikely to be measuring a direct 

consequence of the compound interfering with the complex formation.  

The lack of effect of Sephin1 on the holophosphatase’s assembly was also observed 

by Carrara et al. (Carrara et al., 2017). These authors suggested a different 

mechanism of action of the drug, together with a new feature of the phosphatase. 

First, they proposed that the N-terminal extension of PPP1R15A (the region 

containing the PEST repeats) is involved in substrate recruitment. Therefore, 

according to them, the presence of an N-terminally (PEST-containing) extended 

PPP1R15A protein in in vitro PP1-mediated eIF2α dephosphorylation reactions is 

sufficient to provide the catalytic subunit with specificity towards the eIF2α 

(inferring that G-actin was dispensable to the formation of a substrate-specific 

holophosphatase). Second, they proposed a new mechanism of action of Sephin1 by 

which the compound would interfere with the substrate-engagement region of 

PPP1R15A and thereby, reduce the eIF2α-directed phosphatase activity of PP1.  

However, the experiments presented in this thesis, which tried to reproduce the 

conditions used by Carrara et al. as closely as possible, are not consistent with their 

findings. Despite the use four different PPP1R15A preparations (to study the effect 

of tags or protein length), three different PP1 preparations (to study the effect of 

protein source or mode of purification), the changes in extension of the incubation 

times and the use of the same buffers as Carrara et al., neither Sephin1 nor 

Guanabenz showed a meaningful inhibitory effect on the phosphatase activity. 

Furthermore, the stimulatory effect of the N-terminally extended PPP1R15A on the 

eIF2α phosphatase activity reported by Carrara et al. was only apparent in specific 
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buffer conditions, whereas G-actin presence accelerated eIF2α dephosphorylation 

regardless of the conditions tried (suggesting the consistency of this finding).  

In reference to the stimulatory effect of the N-terminally extended PPP1R15A 

protein, it was able to induce a ~2-fold stimulation on the eIF2αP-directed PP1 

phosphatase activity only when the reactions were performed in low ionic strength 

buffers (section 2.11). This suggests that the salt concentration within the buffer 

used in PP1 dephosphorylation reactions could alter the enzymatic properties of the 

phosphatase. This effect has been previously reported for PP1: the inhibition of PP1 

by the nuclear inhibitor of protein phosphatase-1 (NIPP-1) is regulated only in 

physiological salt conditions (Vulsteke et al., 1997). How can this be explained? 

The binding of two proteins is usually driven by the contribution of several 

interactions between them. These interactions can be of different nature (i.e., 

electrostatic, hydrophobic) and can be altered by many factors (i.e., pH, temperature 

or salt). In the case of salts, their addition (or removal) can affect electrostatic 

protein-protein interactions by altering, for example, the surface charge density or 

the hydrophobicity of the proteins (Zhang, J., 2012). Hence, salt concentration can 

have a great impact on the formation of a complex between two proteins. 

Based on this idea, it is possible that depending on the salt concentration within the 

environment surrounding PP1 this protein would undergo changes on its surface 

charge density. Therefore, buffers with different ionic strengths would promote (or 

disfavour) the binding of PP1 with its partners (like PPP1R15A in the case of our 

study or NIPP-1 in the example provided). 

Thus, in order to obtain meaningful conclusions from PP1-mediated in vitro 

dephosphorylation assays, it would seem necessary to use buffers of physiological 

ionic strength that resemble more closely the cellular conditions.  

Additionally, a precise in vitro characterization of the enzyme would require the use 

of multiple time points that cover realistic time regimes (similar to those observed 

in cells), and the comparison of enzyme kinetics are better performed under 

conditions that avoid total substrate depletion.  

These considerations were, however, not taken into account in the study from 

Carrara et al.. These authors examined the in vitro eIF2α dephosphorylation 
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reactions over 16 hours (whereas in cells eIF2α seems to be fully dephosphorylated 

in 1 hour) and the dephosphorylation of the substrate was complete under the 

conditions that they used (which implies that the effects of substrate depletion were 

not taken into account when comparing enzyme kinetics). It is worth noting that 

Carrara et al. did not report on the effects of G-actin on their measurements; thus, it 

remains unknown if their conclusion that G-actin is dispensable as a cofactor is 

based on its inactivity in their eIF2αP dephosphorylation reactions or due to other 

considerations.  

Regarding the effect of Sephin1 in cells, treatments with this compound would be 

expected to decrease the rate of eIF2α dephosphorylation when used in 

PPP1R15B-deficient cells (in which the proposed target of Sephin1, PPP1R15A, 

would be the only PP1 regulatory subunit contributing to eIF2α dephosphorylation). 

However, as seen in Figure 3.13, Sephin1 did not affect the rate of eIF2α 

dephosphorylation in these cells. Also, the other cellular effects of Sephin1 

measured in this thesis, such as CHOP induction, XBP1s splicing or cell survival, 

were observed in cells that lack Sephin1’s putative direct target (PPP1R15AKO cells) 

as well as its proposed indirect target (eIF2αS51A cells). 

Therefore, the experiments presented here reproduce the proposed reduction in 

stress-related gene expression by Sephin1 and the cytoprotection that the 

compound confers in ER-stress conditions, although these effects were observed 

even in the absence of its proposed target. This suggests that the compound does 

have proteostatic effects but they seem to be elicited by targeting some other 

unknown cellular component(s) different from PPP1R15A. A recent paper (Perego 

et al., 2018) studies PPP1R15A and Guanabenz (Sephin1´s predecessor) in the 

context of the cellular immune response (cytokines production and inflammatory 

response) and proposes that the prevention of the activation of Toll like receptor 9 

(TLR9) by Guanabenz is through a PPP1R15A-independent mechanism. Hence, it is 

plausible that both Guanabenz and Sephin1 intervene in some non-ISR related 

cellular pathway(s) to induce ER-stress related cytoprotection as well as other 

responses, such as the one described by Perego et al.  

The proteostatic effects of Guanabenz were originally found in yeast, in which this 

compound was shown to prevent prion protein aggregation and toxicity. 
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(Tribouillard-Tanvier et al., 2008). It is worth noting that yeast lack PPP1R15 

regulatory subunits and in Saccharomyces cerevisiae the eIF2α dephosphorylation 

has been shown to be catalysed by the binding of an N-terminal extension of the 

eIF2γ subunit to PP1 (through a RVxF-like domain present in that region), 

presumably to compensate for the lack of PPP1R15A regulatory subunit in this 

species, which appears only in mammals (Rojas et al, 2014). Hence, the attributed 

proteostatic effect observed with Guanabenz in yeast, which is lost in the case of 

Sephin1 [Compound PSI136 in Figure 3A (Tribouillard-Tanvier et al., 2008)] is 

unlikely to involve a PPP1R15 protein. This provides further evidence for the 

possibility that these compounds (Sephin1 and Guanabenz) work through a 

PPP1R15A-independent mechanism.  

The data presented in this thesis do not challenge the proteostatic ability of Sephin1 

and Guanabenz, but suggest the need to find their precise mechanism(s) of action.  

 

5.4 Finding inhibitors of the eIF2α phosphatase.  

The lack of effect of Sephin1 and Guanabenz on the eIF2α phosphatase presented in 

this thesis does not imply the inability of any given compound to target and inhibit 

this enzyme. On the contrary, the data obtained from point mutants of PPP1R15A 

(in reference to section 2.8) suggested that small allosteric changes in the ternary 

phosphatase complex might trigger major effects on enzymatic function. Some 

PPP1R15A mutant proteins (in particular PPP1R15AV556E and PPP1R15AF592A) lost 

the ability to stimulate the eIF2α-directed phosphatase activity of PP1, and that 

could be explained by their weakened ability to bind PP1 or G-actin, respectively. 

However, other PPP1R15A mutants with the same loss of function (notably 

PPP1R15AW582A) were not affected on their enzyme’s assembly (binding to both PP1 

and G-actin was as wild-type proteins). Therefore, the effect on the enzyme’s activity 

observed in these PPP1R15A mutants is likely due to subtle (“allosteric”) effects on 

the alignment of the three components that make up the active holophosphatase. 

The crystal structures of PP1/PPP1R15A and PP1/PPP1R15B show that both 

regulatory subunits bind to the PP1 by engaging several grooves on its surface 

(Figure 2.4)(Chen et al., 2015; Choy et al., 2015). Therefore, it seems difficult to 
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imagine that small molecules would inactivate the enzyme by disrupting the 

complex formation. However, the results obtained with the point mutants of 

PPP1R15A suggest that a small molecule could bind the holophosphatase to create 

small conformational changes in the enzymatic complex (mimicking the effect of the 

putative “allosteric mutants”) and inhibit the phosphatase activity without a 

requirement for disrupting holoenzyme assembly. Hence, although Sephin1 and 

Guanabenz did not prove their ability to be phosphatase inhibitors, other 

compounds yet to be discovered could exert this function by allosteric mechanisms. 

 

It can be then proposed that an ideal eIF2 phosphatase inhibitor would not bind PP1 

or G-actin, as this could affect their binding to many other cellular partners and have 

potential undesired consequences. An idyllic eIF2 phosphatase inhibitor would 

rather alter the spatial disposition of the components of the PP1/PPP1R15A/G-actin 

phosphatase by, somehow, being inserted at the PPP1R15A region that is between 

the PP1 and the G-actin binding sites.  

There are different mechanisms that can be proposed to explain how potential 

allosteric inhibitors of the phosphatase could affect the kinetic parameters of the 

enzyme (returning to the Michaelis Menten model illustrated in Figure 5.2). It could 

be possible that an inhibitor would change the conformation of the ternary complex 

by moving the relative position of its different components. Even a small 

rearrangement of the enzymatic components could impair the substrate recognition 

(lower k1), destabilize the enzyme-substrate complex (higher k-1) or decrease the 

ability of the enzyme to catalyse the dephosphorylation reaction (lower Kcat). Thus, 

it could increase the Km or decrease the Kcat, which would mean a slower enzymatic 

reaction that would be reflected in a less productive substrate dephosphorylation 

by an enzyme targeted by the right inhibitor compared to a non-affected enzyme. 

Therefore, the development of in vitro assays (like the TR-FRET explained in section 

4.4), in which the phosphatase activity is dependent on the three enzymatic 

components, could be used as a method to screen for libraries of compounds and 

find inhibitors of the enzyme that, by different mechanisms, could inhibit the 

phosphatase activity and hence, be of potential therapeutic use.  
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During the development of the potential HTS with the TR-FRET assay some 

compounds could be inhibiting the enzyme by undesired mechanisms (for example, 

by binding to the catalytic site of PP1 or to the commonly used RVxF groove on PP1’s 

surface) and therefore, counter screens are needed in order to discard these 

compounds. One possible counter screen could be done by using only the PP1 

catalytic subunit as the active phosphatase (in absence of PPP1R15A or G-actin and 

at high concentrations to achieve substrate dephosphorylation). This would allow 

to find molecules that are inhibiting the active site of the phosphatase. The 

compounds that could be acting by binding to the RVxF groove, would disrupt the 

complex formation between PP1 and PPP1R15A (and therefore could affect many 

other regulatory subunits in the cell). Binding assays that the detect PP1-PPP1R15A 

interaction (as the BLI assay) could be used to discard these compounds that would 

disrupt the complex formation.  

  

5.5 Failure of the Amplex UltraRed assay 

During the development of in vitro assays that could measure the eIF2α phosphatase 

activity, the Amplex UltraRed method appeared to be the most problematic one. Due 

to the complexity of the system, it was difficult to know which component(s) of the 

assay was responsible for the failure of this method.  

The signal obtained with this assay required first, the completion of a 

dephosphorylation reaction by a phosphatase enzyme and second, the generation of 

a signal cascade, which involved three different enzymes (PNP, XO and HRP) (Figure 

4.1). Therefore, the signal obtained was dependent on the activity of several 

enzymes (including the phosphatase of interest), and the assay conditions had to be 

optimized for all the enzymes present, in order to get a reliable measurement. The 

signal of this assay appeared to be very sensitive to any small change introduced in 

the system (Figure 4.6). It is possible that small alterations in, for example, the pH, 

salt conditions or content of reducing agents, may affect to various degrees the 

different enzymes present. Optimization of this assay would, therefore, require 

finding the best conditions for all the present enzymes. This is a difficult ideal to 

achieve given that it would rely on having a deep knowledge about all the enzymes 

involved in the signal cascade and to the possible incompatibilities that could arise 
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between the requirements of each enzyme. Due to these considerations, the assay 

was rejected at an early stage. 

Additionally, the signal cascade was dependent on the amount of phosphate present 

in the reaction mixture. Ideally, the only source of phosphate in the reactions would 

be from the dephosphorylation of the eIF2α substrate. However, phosphate is 

abundant and can be a major contaminant. For example, a typical source of 

phosphate contamination comes from the glassware used in the experiments, which 

may have been washed with phosphate-rich detergent, and due to that even water 

could contain traces of phosphate. Despite the use of plastic material during the 

performance of this assay, phosphate from other sources (such as the protein 

preparations or the buffer additives) could have altered the phosphate amount in a 

substrate-independent manner and influence the variability observed in the signal.  

This problem was partially solved in the Malachite Green method due to its lower 

sensitivity to phosphate. The Malachite Green assay required the generation of large 

amounts of phosphate from the dephosphorylation reactions in order to obtain 

reliable measurements (in fact, it required the development of a “self-regeneration” 

system, Figure 4.9). Under these conditions, the minimal traces of phosphate 

brought by different sources would be negligible compared to the vast amount of 

phosphate generated by the dephosphorylation reactions. However, other problems 

associated with this method (such as the staining properties of the solutions) 

discouraged us from pursuing this option.  

 

5.6 Challenges in the crystallization of G-actin-containing 

complexes 

Obtaining structural information of the ternary eIF2 phosphatase complex  

(PP1/PPP1R15A/G-actin) would have been very useful to provide some clues about 

the mechanism by which G-actin brings specificity to the phosphatase. However, the 

efforts to crystallize ternary (PP1/PPP1R15A/G-actin) or binary 

(PPP1R15A/G-actin) complexes yielded limited information.  
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The disordered nature of PPP1R15A could, in part, explain the difficulty to obtain 

structural information about the phosphatase complex. Disordered proteins are 

known to affect crystal packing, and usually clear density of them is missing in the 

structural data. Therefore, they interfere with the crystal formation and with the 

crystal data processing (McPherson and Gavira, 2014). This could explain the 

limited available structural information of PPP1R15 (A and B) in the solved crystals 

of PP1/PPP1R15, which is constrained to residues in close contact with the PP1 

surface, and suggests that other regions of the protein are freely moving and 

disordered (Chen et al., 2015; Choy et al., 2015).  

Another consideration when doing protein crystallography is the purity and 

homogeneity of the protein preparation (McPherson and Gavira, 2014). In this case, 

the purity of the proteins used was assessed by SDS-PAGE and seemed to be 

adequate. However, the problem might have arisen from the G-actin preparation. Its 

purification required an initial polymerization step (to facilitate separation of 

F-actin by centrifugation) followed by a depolymerization step (using Latrunculin B 

to block F-actin formation). Although the contaminant F-actin filaments were 

intended to be eliminated by high-speed centrifugation, it is difficult to assure that 

small F-actin filaments (containing, for example, two actin molecules) were also 

removed using this method. Furthermore, the purity of the samples was assessed by 

loading the denatured proteins on SDS-PAGE gels. By this method, both F-actin 

filaments and G-actin monomers would look the same. Therefore, heterogeneity 

introduced through the G-actin preparation could have been the cause of the 

difficulty to obtain protein crystals, although it was not evident by the detection 

method used. 

Further attempts could be tried to obtain structural information of the ternary 

complex, which could overcome these difficulties. Size exclusion chromatography 

could be used to separate G-actin monomers from other higher oligomeric species 

and potentially reduce the heterogeneity of the actin preparation. Given the new 

advances in CryoEM, this technique can now be used to solve the structure of 

considerably small protein complexes (of ~150 KDa) (Lu et al., 2014), and therefore 

could be considered as an option to try to obtain the structure of this phosphatase 

protein complex (~170 KDa if PPP1R15A is MBP-tagged). The advantage of CryoEM 
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relative to X-ray crystallography is the lower sensitivity to small heterogeneities in 

the sample, which can be dealt with computationally.  

Despite the lack of a detailed picture showing how the three enzymatic components 

assemble, the interpretation that the C-terminal region of PPP1R15A is the binding 

region of G-actin (inferred from the density found in G-actin in the low-resolution 

crystal of the ternary complex, section 2.4), seems to be quite plausible: 

- Both PPP1R15A and G-actin are required for the stimulation of eIF2α 

dephosphorylation, whereas G-actin alone does not have this effect. It 

suggests that PPP1R15A acts as a bridge between the two proteins (PP1 and 

G-actin). Additionally, the region in PPP1R15A proposed as a G-actin binding 

site has been shown to form a stable complex with this protein (section 2.5). 

- The density of the proposed C-terminal region of PPP1R15A is found in a 

position of G-actin where Cytochalasin D binds. Consistent with it, this 

compound has been shown to inhibit the G-actin-dependent eIF2α 

dephosphorylation reactions in vitro (Chen et al., 2015) and to decrease the 

recovery of G-actin in complex with GFP-tagged PPP1R15A from cells 

(Chambers et al., 2015). 

- The proposed binding of PPP1R15A would be compatible with the 

co-binding of other G-actin binding proteins, such as DNAse I. This was also 

confirmed by the ability of DNAse I to bind the complex and to maintain the 

stimulatory effect of G-actin on the phosphatase activity.  

- The interaction between G-actin and PPP1R15A (measured by BLI) is 

sensitive to mutations in that region of PPP1R15A (mutant PPP1R15AF592A, 

shown in section 2.8). 

Thus, the prediction of the regions of PPP1R15A and G-actin involved in the binding 

of the two proteins seems to be correct. However, information about the relative 

disposition of the two components to each other (and in relation to the catalytic 

subunit) remains to be uncovered, as well as the specific contacts and the particular 

contribution of different residues between PPP1R15A and G-actin to the binding of 

the two proteins. This could be critical information to understand more about the 

precise mechanism of action of G-actin and to guide the design of molecules that 

could modulate this interaction and work as specific inhibitors. For example, solving 
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the structure of this complex would allow the generation of a pharmacophore model 

that can be used to guide the development of specific compounds or the creation of 

stapled peptides (Gao et al, 2010; Guerlavais V, 2014). 

 

5.7 Discrepancies between in vitro and studies performed in 

cells.  

During the development of the in vitro eIF2αP dephosphorylation reactions shown 

in this report, some discrepancies were found in relation to studies that were 

performed in cells. 

The binding of PP1 and G-actin to PPP1R15A seems to be cooperative when 

measured in cells. When cellular pull-downs are done with GFP-tagged PPP1R15A 

proteins that contain mutations in the proposed G-actin binding region, the recovery 

of both PP1 and G-actin is affected (Chambers et al., 2015). Another example of this 

cooperativity could explain the results obtained by Brush et al. (Brush et al., 2003). 

Doing cellular pull-down experiments with a Flag-tagged PPP1R15A protein, Brush 

et al. found decreased PP1-binding when PPP1R15A contained mutations in the very 

C-terminal region and led them to consider it as an RVxF-independent PP1-binding 

site of PPP1R15A. However, this portion of PPP1R15A coincides with the region 

proposed here as the G-actin binding site, and hence both ideas can be reconciled by 

the notion that mutations that decrease G-actin binding also affect PP1 binding. 

Nonetheless, this cooperative binding to PPP1R15A was not apparent in vitro: the 

binding of PP1 to PPP1R15A was independent of G-actin presence and G-actin was 

also able to bind PPP1R15A in absence of PP1.  

Another discrepancy was found in regards to the substrate recruitment ability of the 

regulatory subunit. The N-terminal region of PPP1R15A that contain PEST-repeats 

has been assigned roles in substrate recruitment in cells and has been proposed as 

the region that confers PPP1R15A with a “bridge” function, bringing together the 

catalytic subunit PP1 and the substrate eIF2 (Choy et al., 2015). Again, this was not 

observed in the in vitro dephosphorylation reactions shown in this report.  
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What could account for the differences between the observations in vitro and in 

cells? The explanation could be the substrate used in the dephosphorylation 

reactions.  

In cells most of the eIF2α forms part of a trimeric complex (composed of alpha, beta 

and gamma subunits). Although the phosphorylatable residue (Serine 51) is on the 

alpha subunit, the entire eIF2 complex can be considered as the cellular substrate of 

the kinases that initiate the ISR and the phosphatases that terminate signalling. 

However, the purification of an eIF2 trimer from an E. Coli expression system seems 

to be a great challenge. Nonetheless, Ito et al. found that the N-terminal lobe of eIF2α 

(which contains Serine 51) is an independently-folded domain: the N-terminal lobe 

of eIF2α can attain its 3D structure in the absence of the C-terminal region or the 

eIF2β and γ subunits (Ito et al., 2004). Furthermore, this N-terminal lobe of eIF2α is 

a specific substrate of the eIF2 kinases and phosphatase in vitro, indicating that it 

conserves important aspects of the physiological substrate, the eIF2 trimer. For 

these reasons, the dephosphorylation reactions presented in this study were done 

with the N-terminal lobe of the alpha subunit of eIF2 purified from bacteria [which 

contained some solubilizing mutations to further facilitate its purification,(Ito and 

Wagner, 2004)].  

It is possible that the cellular phosphatase complex recognises not only the 

N-terminal region of the alpha subunit of eIF2 but also the C-terminal region of this 

protein or any of the two other subunits of eIF2. For example, pull down 

experiments performed with the PPP1R15A regulatory subunit show eIF2β as a 

mass-spectrometry identified binding partner [(Chambers et al., 2015), Figure 1B 

therein). Thus, although some authors, who did pull-down experiments using tagged 

PPP1R15A, assumed that the binding of PPP1R15A and eIF2α was due to the direct 

interaction of the two proteins (Choy et al., 2015), it is possible that the effect 

observed was due to the direct binding of PPP1R15A to eIF2β or eIF2γ with an 

indirect binding of the eIF2α subunit.  

In yeast, in which no PPP1R15 homolog is found, the dephosphorylation of eIF2α is 

proposed to be driven by the binding of an N-terminal extension of the eIF2γ subunit 

(that contains an RVxF motif) to PP1 (Rojas et al., 2014). Thus, it is possible that the 

same subunit is engaged by the regulatory subunit in mammals.  
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Therefore, if the phosphatase recognises not only the N-terminal lobe of the alpha 

subunit but also the C-terminal portion of eIF2α, the eIF2β subunit and/or the eIF2γ 

subunit (absent in the in vitro experiments presented here) it could account for the 

differences observed between the in vitro experiments and those performed in cells. 

Hence, it can be proposed that some regulatory features of the phosphatase, related 

to substrate recognition or substrate-driven enzyme assembly, could be missing in 

the in vitro experiments presented here.  

Development of methods to purify the eIF2 complex, either as an intact complex 

from mammalian cells or through co-expression of plasmids encoding the three 

subunits in bacteria or yeast, would allow a deeper characterization of the enzyme 

in conditions that more closely resemble those presented in cells. 
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Conclusions and future plan 
 

The reversible phosphorylation of eIF2 is a conserved mechanism, which plays an 

important role in regulating cellular proteostasis. However, although cells have 

developed complex mechanisms to control the activity of the kinases and 

phosphatases that act on eIF2 (suggesting the importance of their regulation), there 

is genetic evidence of beneficial outcomes derived from their perturbation. In 

particular, cells or mice deficient in the PP1 regulatory subunit (PPP1R15A, which 

is involved in the dephosphorylation of eIF2) seem to be protected in ER-stress 

conditions. Chemical compounds have been proposed as inhibitors of this eIF2 

phosphatase. These inhibitors could be potential therapeutic tools, which could 

mimic the advantageous conditions observed in the genetic experiments. However, 

little was known about their precise mechanism of action.  

The development of the in vitro tools presented in this thesis has, for the first time, 

allowed a reconstitution of the eIF2 phosphatase isolated from the cellular context. 

This has facilitated not only the direct analysis of the proposed inhibitors on the 

enzyme but also the discovery of an additional cofactor of the enzyme, G-actin.  

Although the proposed inhibitors did not appear to affect the enzyme (not only in 

the in vitro assays but also when used in cells), analysis of PPP1R15A mutants 

revealed the possibility of modulating the activity of the phosphatase by allosteric 

mechanisms. Thus, in vitro assays that measure the G-actin-, PPP1R15A- and 

PP1-dependent eIF2 phosphatase activity, and that can be implemented in a high 

throughput screen, were developed to find potential inhibitors of the enzyme.  

Future collaborations with laboratories that have collections of small molecules 

would allow the use of the in vitro eIF2 dephosphorylation assays developed here in 

order to search for (and hopefully find) effective modulators of the eIF2α 

phosphatase. Furthermore, these collaborations with experts in HTS could enable 

the development of additional functional in vitro assays (different from the TR-FRET 

developed here) to measure the activity of the phosphatase or the use of other 

methods, such as DNA-encoded libraries which is based on the immobilization of the 

protein(s) that wants to be targeted and the exposure of this protein(s) to a library 

of DNA-encoded compounds. Those compounds that are tightly bound are then 
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eluted by heat or denaturation and their structure is deconvoluted by high-

throughput DNA sequencing. This technique could be used by exposing either PP1, 

PP1/PPP1R15A or PP1/PPP1R15A/G-actin to the library of compounds and 

analysing those compounds that bind differently to the various phosphatases. 

(Goodnow et al., 2017). 

 

 

  



186 
 

Chapter 6 Materials and methods 

6.1 Protein purification 

6.1.1 Binary complexes (PP1/PPP1R15) 

Binary complexes of PP1 and PPP1R15 were created by co-transforming BL21 T7 

Express lysY/Iq E. coli (New England Biolabs, Cat. No. C3013) with ampicillin-

resistant marked GST-tagged PPP1R15 expression plasmids (such as 1113, 1190, 

1191, 571, 544, 1299, Table 6.2) and kanamycin-resistant marked untagged PP1 

expression plasmids (such as 913 and 1232, Table 6.2). Colonies that acquired 

plasmids with both resistance markers were selected on LB plates supplemented 

with 50 µg/ml kanamycin and 100 µg/ml ampicillin. Cultures of 0.5–6 litres of LB 

media supplemented with 1 mM MnCl2, were inoculated with 1/100 volume of a 

saturated over-night culture of the dual resistant colonies (both under dual 

selection), allowed to progress to an OD600 of 0.6–0.8 at 37°C, at which point they 

were switched to 18°C and induced with 1 mM IPTG, and cultured further for 

20 hours until harvest. 

Bacterial pellets were chilled on ice, suspended in 4–8 pellet volumes of ice-cold 

crystals lysis buffer (50 mM Tris pH 7.4, 500 mM NaCl, 1 mM MnCl2, 1 mM MgCl2, 1 

mM Tris (2-carboxyethyl) phosphine (TCEP), 100 μM phenylmethylsulfonyl fluoride 

(PMSF), 20 mTIU/ml aprotonin, 2 µM leupeptin, 2 µg/ml pepstatin, 10% glycerol), 

and lysed with an EmulsiFlex-C3 homogenizer (Avestin) at 4°C. Lysates were 

clarified in a JA-25.50 rotor (Beckman Coulter) at 33,000×g for 30 min, loaded onto 

a suspension of glutathione sepharose 4B beads and allowed to bind at 4°C for 

1-2 hours. The beads were batch-washed with 45 bed volumes of crystal lysis buffer, 

transferred to a 10 ml column and further washed with 30 bed volumes of crystal 

lysis buffer. Proteins were eluted in crystal elution buffer (50 mM Tris pH 7.4, 100 

mM NaCl, 40 mM GSH, 0.5 mM MnCl2, 0.5 mM TCEP, 10% glycerol). 

Tobacco Etch Virus protease (TEV) cleavage (12.5 µg TEV protease/mg protein) was 

performed overnight (at 4°C) and the clarified mixture of free GST, 

PPP1R15-containing complex and residual uncleaved precursor proteins was 

loaded onto a tandem array of two 10/300 mm columns, Superdex 75 and Superdex 
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200, with a 1 mL GSTrap 4B column at the outflow (all from GE Healthcare) and 

developed in crystal gel filtration buffer (20 mM HEPES, 100 mM NaCl, 0.1 mM 

MgCl2, 0.5 mM MnCl2, 0.1 mM ADP, 0.2 mM TCEP, protease inhibitors). In this 

configuration, the binary complex elutes first and the free GST and any uncleaved 

binary complexes are retained in the GSTrap 4B column, eluting later with the 

glutathione rich ‘salt’ peak. 

Binary complexes used in biochemical studies only, were purified as described 

above, with the following modifications: the buffer used to lyse and wash was lysis 

buffer (crystal lysis buffer supplemented with 0.1% Triton X-100 to reduce non-

specific binding); the elution was made with GSH elution buffer (50 mM Tris pH 7.4, 

100 mM NaCl, 40 mM GSH, 1 mM MnCl2, 20 mTIU/ml aprotonin, 2 µM leupeptin, and 

2 µg/ml pepstatin, 1 mM TCEP, 10% glycerol); and the TEV cleavage step was 

omitted in some instances.  

6.1.2 G-actin 

G-actin was purified from rabbit muscle as described (Pardee and Spudich, 1982) 

At 4°C, 500 g of rabbit muscle were grinded using a meat grinder. The grinded meat 

was placed into a beaker and 2 L of cold myosin extracting solution (0.5 M KCl, 0.1 M 

K2HPO4) were added and stirred for 15 min. Then, 2L of H2O were added, stirred for 

5 min and the mixture was filtered through 4 layers of cheesecloth using a funnel. 

The process was repeated using 3 L of H2O, 3 L of 0.4% NaHCO3, 3 L of 0.4% NaHCO3 

, 2 L of H2O, 2 L of acetone and 2 L of acetone. The meat was air-dried over a large 

sheet of filter paper and this dry acetone muscle powder was stored at -80°C. 

Eighty millilitres of G-buffer (20 mM Tris pH 8, 0.2 mM ATP, 0.5 mM DTT, 0.1 mM 

CaCl2, 1 mM NaN3) were added to ~8 g of dry acetone muscle powder to extract 

proteins, stirred for 2 hours in the cold room and centrifuged (4500 g, 5 min). The 

supernatant was recovered and another 60 mL of G-buffer were added to the 

pelleted muscle, repeating the procedure. The 140 mL obtained were centrifuged 

(15000 rpm, 30 min, 25.50 JA rotor) and the supernatant was filtered through a 

0.45m filter in a 250 mL bottle.  

Polymerization of actin was initiated by addition of 2 mM MgCl2, 50mM KCl and 0.5 

mM ATP. After 1 hour mixing in the cold room, 750 mM KCl were added using KCl in 
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powder. This mixture was kept overnight in the cold room. Then, it was centrifuged 

in an ultra-centrifuge using a SW40 rotor (40000 rpm, 1 hour, 4°C). The pellet 

(F-actin) was collected and transferred into a homogenizer using 6 mL of F-buffer 

(10 mM Tris pH 7.4, 100 mM NaCl, 1 mM TCEP, 2 mM MgCl2, 0.033% NaAz). 

The actin was dialyzed against G buffer for ~12 hours and blocked from further 

polymerization by incubation with a fivefold molar excess of Latrunculin B 

(Calbiochem, Cat. No. 428020). 

6.1.3 Ternary complexes (PP1/PPP1R15/G-actin) 

Ternary complexes of PP1/PPP1R15/G-actin were assembled by combining 

stoichiometric amounts of the binary complex (assembled on the glutathione-

sepharose resin as explained in section 6.1.1) with Latrunculin B-blocked G-actin 

(1:1 mass ratio), incubated for 90–120 min at 4°C, eluted with crystal elution buffer, 

cleaved and fractionated by the tandem size exclusion chromatography setup 

described in section 6.1.1. 

6.1.4 PPP1R15A 

Some expression plasmids for PPP1R15A variants contained ampicillin resistance 

marker, N-terminal GST tag and C-terminal maltose binding protein (MBP) tag 

(1677, 1583, 1645, 1920, 1921, 1952, 1953, 1993, 1995, Table 6.2). These plasmids 

were transformed into BL21 T7 Express lysY/Iq E. coli (New England Biolabs, Cat. 

No. C3013) and ampicillin resistant colonies were selected in LB plates 

supplemented with 100 µg/ml ampicillin. These resistant colonies were used to 

create a saturated over-night culture that was diluted 1/100 to inoculate 2 L of LB 

media supplemented with ampicillin. When the cultures reached OD600 of 0.6–0.8 at 

37°C, they were switched to 18°C, induced with 1 mM IPTG, and cultured further for 

20 hours until harvest. The bacterial pellets were suspended in 3–4 pellet volumes 

of lysis buffer. Proteins were purified by affinity on glutathione sepharose 4B beads, 

followed by elution with GSH elution buffer and overnight TEV cleavage (12.5 μg 

TEV protease/mg protein). Cleaved proteins were bound to amylose beads (New 

England Biolabs, Cat. No. E8021S) for 1–2 hours at 4°C. Twenty/thirty bed volumes 

of lysis buffer were used to batch-wash the amylose beads, which were transferred 

to a 10 mL column and eluted with HEPES buffer (20 mM HEPES, 100 mM NaCl, 
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0.2 mM CaCl2, 0.2 mM ATP, 0.2 mM TCEP, 0.5 mM MnCl2, 100 μM PMSF, 

20 mTIU/ ml aprotonin, 2 μM leupeptin, 2 μg/ml pepstatin and 10 mM maltose). 

Other expression plasmids for PPP1R15A variants contained an N-terminal MBP tag 

and a C-terminal His6 tag (2260, 2261, Table 6.2). The expression of these proteins 

was done following the same protocol as the previous PPP1R15A variants explained. 

For the purification, the bacterial pellets were suspended in His-Tag lysis buffer 

(50 mM Tris pH 7.4, 500 mM NaCl, 20 mM imidazole, 1 mM MgCl2, 20 mTIU/ml 

aprotonin, 2 µM leupeptin, and 2 µg/ml pepstatin, 1 mM TCEP, 0.2% Triton X-100, 

10% glycerol). Proteins were purified by affinity on Ni-NTA beads (Qiagen, Cat. No. 

30230), followed by elution with His-Tag elution buffer (50 mM Tris pH 7.4, 100 mM 

NaCl, 500 mM imidazole, 1 mM TCEP in 10% glycerol). Then, proteins were bound 

to amylose beads and eluted in HEPES buffer. 

The expression vector received from Anne Bertolotti’s lab for N-terminally MBP 

tagged PPP1R15A variant (2258, Table 6.2), was purified according to the 

purification protocol in the study of Carrara et al. (Carrara et al., 2017). In summary, 

this PPP1R15A variant was purified as the previously explained N-terminal MBP 

variants (by Ni-NTA affinity followed by amylose affinity) and was dialyzed in buffer 

A (50 mM Tris pH 7.4, 200 mM NaCl). This purification was done by David Ron.  

6.1.5 PPP1R15A/G-actin 

The GST-tagged C-terminal truncated versions of PPP1R15A (1748, 1771, Table 6.2) 

were purified as the PP1/PPP1R15A binary complexes (section 6.1.1). Two-fold 

mass excess of F-actin was added to the C-terminal truncated versions of PPP1R15A 

proteins bound to glutathione Sepharose 4B beads and were incubated for 2 hours 

at 4°C in presence of Latrunculin B (which exceeded by 3-fold the F-actin 

concentration). The proteins bound to beads were batch-washed in 20 mL crystal 

lysis buffer and eluted in crystal elution buffer. Proteins were TEV cleaved and 

further purified as detailed in section 6.1.1. 

6.1.5.1 Crystallization 

The PPP1R15A/G-actin complexes were purified by size-exclusion chromatography 

as explained in section 6.1.1. The separated fractions that contained the protein 

complexes were pooled and concentrated up to 6–10 mg/ml using centrifugal filter 



190 
 

units with molecular weight cut-off of 10 KDa (Millipore, Amico Ultra). Then, using 

sitting drop method, crystallization screens were set in 96-well crystallization plates 

by mixing 200 nL of protein preparation and 200 nL of screen plate reservoir buffer. 

Crystallization plates were incubated at 20˚C and imaged regularly in Formulatrix 

to check crystal growth.  

With the help of Yahui Yan, what was assumed to be crystals (Figure 2.16).  were 

intended to be harvested in perfluoropolyether cryo oil as cryoprotective agent and 

diffraction data was collected from the samples at 100 K at the Diamond Light 

Source. However, no diffraction data was obtained, probably because the samples 

did not contain protein crystals (they were too small).  

6.1.6 PP1γ 

The PP1 catalytic subunit variants (622, 1897, Table 6.2) were also purified from E. 

Coli. In this case, the LB media cultures were supplemented with MnCl2 and 

glutathione sepharose 4B beads were used for the affinity purification. After elution 

with GSH elution buffer, the proteins were cleaved with TEV and buffer-exchanged 

into HEPES buffer (using a 2 mL desalting column). The cleaved GST tag was 

removed by re-binding the proteins to sepharose 4B beads, which were separated 

by centrifugation.  

6.1.7 PERK 

The purification of the catalytic domain of PERK (168, Table 6.2) was done using 

glutathione sepharose affinity chromatography. This GST-fused PERK, assembled on 

glutathione-sepharose beads was extensively washed in 20 mM Tris-HCl pH 7.4, 

150 mM NaCl, 4 mM DTT, 0.01% Triton X-100 and adjusted to 60% (vol/vol) 

glycerol. In this configuration, kinase activity is retained for months at −20°C and 

the enzyme can be used to phosphorylate substrates in vitro (see section 6.2.1). 

When the kinase was required in solution (as in the Malachite Green assay, section 

4.2), PERK was eluted from the glutathione-sepharose beads using GSH elution 

buffer and stored at −80°C in this buffer.  
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6.1.8 eIF2α and GFP-eIF2α 

The N-terminal lobe of eIF2α (105, Table 6.2) was purified by Ni-NTA affinity and 

eluted with His-Tag elution buffer. The eIF2α was loaded on a size exclusion 

chromatography column (Superdex 75 or 200 10/300, GE Healthcare) in substrate 

gel filtration buffer (25 mM Tris-HCl pH 7.4, 100 mM NaCl, 0.1 mM EDTA, 1 mM 

TCEP, 10% glycerol). The fractions containing the purified protein were snap frozen 

in liquid nitrogen and stored in small aliquots at −80°C.  

This protein was in vitro phosphorylated using the kinase PERK (section 6.2.1) and 

dephosphorylated by different phosphatase variants (section 6.2.3). 

Same protocol was used for the N-terminally GST-tagged and C-terminally GFP-

fused eIF2α protein (1044, Table 6.2), but using Glutathione-Sepharose 4B beads 

and GSH elution buffer.  

6.1.9 GSTag 

The GSTag protein (75, Table 6.2), was purified using glutathione-sepharose 4B 

beads and eluted with GSH elution buffer. The size exclusion chromatography 

method was the same as eIF2α (section 6.1.8). Phosphorylation and 

dephosphorylation of this protein will be described in section 6.2.1 and section 

6.2.3, respectively. 

6.1.10  Phosphorylated eIF2α 

An alternative method to purify eIF2α (on its phosphorylated form) was also 

developed. In this case, ampicillin-resistant expression plasmids for eIF2α proteins 

(105, 1884, 1885, 1886, Table 6.2) and kanamycin-resistant expression plasmids for 

PERK (168, Table 6.2) were used to co-transform BL21 T7 Express lysY/Iq E. coli. 

Colonies that grew in ampicillin (100 μg/ml) and kanamycin (50 μg/ml) LB-plates 

were used to create saturated over-night cultures that were used to inoculate 

2 litres of LB supplemented with ampicillin and kanamycin. Following steps of 

purification of eIF2αP were as explained in section 6.1.8. 
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6.1.11 G-actin/DNAse I complexes 

Chromatographically purified bovine pancreatic DNase I (>2000 units/mg) was 

purchased from Worthington Biochemical Corporation (Cat. No. LS002006) and 

constituted into a complex with G-actin as follows: DNase I was reconstituted in 

F-buffer supplemented with 300 μM PMSF, 40 mTIU/ml aprotonin, 4 µM leupeptin 

and 4 µg/ml pepstatin. The DNase I was incubated with F-actin (at 4 µg/µL) in a 

DNAseI:F-actin mass ratio of 1:1.5. The mixture was supplemented with 1mM ATP, 

incubated for 2 hours at 4°C and span at 4500 x g for 15 min. Complexes were 

recovered from the supernatant.  

6.1.12  Bir A 

BirA was amplified by PCR reaction from E. coli genomic DNA and inserted into an 

expression vector containing an N-terminal GST (TEV cleavable) and ampicillin 

resistance marker (1881, Table 6.2). This protein was purified following the 

standard GST-tagged protocol, eluted with GSH elution buffer, aliquoted and stored 

in this buffer. This enzyme was produced to biotinylate proteins containing AviTags 

(section 6.2.2). 

6.1.13 Native PP1 

PP1N was purified in Mathieu Bollen´s laboratory according to (DeGuzman and Lee, 

1988) 

6.1.14  PP1α 

PP1α was purified in Wolfgang Peti´s laboratory according to (Kelker et al., 2009) 

6.1.15  Lysates from mouse pancreatic cells. 

 It was purified by Claudia Rato as described (Chen et al., 2015) 

6.1.16  Protein kinase A, λ phosphatase and PYGMP 

Protein Kinase A (Cat. No. P2645-400UN), λ phosphatase (Cat. No. P9614-20KU) and 

PYGMP (Cat. No. P1261-10MG) were purchased from Sigma.  
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6.2 In vitro assays 

6.2.1 In vitro phosphorylation of eIF2α, GFP-eIF2α and GSTag 

PERK was used to phosphorylate eIF2α and GFP-eIF2α. These bacterially purified 

eIF2α proteins (section 6.1.8) were incubated for 60 min at 37°C with a suspension 

of GST-PERK assembled on a glutathione-sepharose resin in a buffer with the 

following compositions: 6 mM MgCl2, 3 mM ATP, 50 mM Tris-HCl pH 7.4, 100 mM 

NaCl, 0.1 mM EDTA, 0.5 mM DTT, and 0.01% Triton X-100. This incubation resulted 

in complete conversion of the non-phosphorylated substrate (eIF2α0) to the 

phosphorylated substrate (eIF2αP). Phosphorylated eIF2α was purified again by 

size exclusion chromatography (as explained in section 6.1.8), to eliminate residual 

PERK kinase and ATP that would obscure the dephosphorylation assay. 

The phosphorylation of GSTag with PKA was done with the substrate bound to 

glutathione beads and the kinase in suspension, under same conditions as explained 

in preceding paragraph.  

6.2.2 In vitro biotinylation reactions 

For the biotinylation reactions, 952 μL of 100 μM AviTagged proteins (encoded by 

plasmids 1886, 1897, 1920, 1921, 1952, 1953, 1993, 1995, Table 6.2) were mixed 

with 5 μL of 1M MgCl2 (1 mM final), 20 μL of 100 mM ATP (2 mM final), 20 μL of 

50 μM BirA (1 μM final) and 3 μL of 50 mM D-biotin (150 μM final). Reactions were 

incubated for 1 hour at 30°C.  After biotinylation, a small sample of diluted proteins 

was mixed with 2x Laemmli buffer, and the mixture was boiled at 70˚C. Once at room 

temperature, 50 μM streptavidin was added. The biotinylation was checked by gel-

shift analysis on SDS-PAGE: biotinylated proteins bind to streptavidin and appear as 

low-migrating bands compared to non-biotinylated proteins. Method described in 

(Fairhead and Howarth, 2015) 

Finally, the biotinylated proteins were buffer exchanged into a HEPES buffer to 

remove excess of biotin that would interfere with the Bio-Layer Interferometry 

measurements. 
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6.2.3 In vitro dephosphorylation reactions 

Dephosphorylation reactions were performed at a final volume of 20 µL consisting 

of 5µL of each component: catalytic subunit (PP1), regulatory subunit (PPP1R15A), 

cofactor (G-actin) and substrate (eIF2αP). PP1, PPP1R15A and eIF2αP were diluted 

in assay buffer and G-actin was diluted in G-buffer to adjust the concentration of the 

proteins to the desired amount to be used on the reactions. The assay buffer was 

created and stored as a 10X assay buffer (500 mM Tris pH 7.4, 1 M NaCl, 1 mM EDTA, 

0.1% Triton X-100, 10 mM MgCl2) and was diluted 1:10 and supplemented with 

1 mM DTT to create the working solutions of PP1, PPP1R15A and eIF2αP. The order 

of addition of components was important. First, enzymatic components (PP1, 

PPP1R15A and G-actin) were mixed, to allow the formation of phosphatase 

complexes (when the proteins were not purified as pre-assembled complexes). 

Then, substrate (eIF2αP) was added to initiate the reactions, which were conducted 

under shaking at 500 rpm and at 30˚C for the specified time. 

Reactions were terminated by addition of 10L of 3X Laemmli buffer supplemented 

with 100 mM DTT. Samples were boiled for 5 min at 70˚C. A third (10 L) of the final 

volume was resolved in 12.5% PhosTag SDS gels (Wako, Cat. No. NARD AAL-107) at 

200 V for 1 hour. Gels were stained with Coomassie Instant Blue and imaged on an 

Odyssey imager. 

ImageJ was used for band quantification and GraphPad Prism v7 was used to fit data  

When the effect of G-actin binding compounds was assessed (section 2.3), purified 

apo-PP1 or PP1/PPP1R15 binary complexes and lysate or G-actin were pre-

incubated at 30°C for 20 min, shaking (500 rpm) in the absence or presence of 

Jasplakinolide (Calbiochem, Cat. No. 420127), Cytochalasin D (Tocris, Cat. No. 1233) 

or equal volume of vehicle (DMSO). Then, phosphorylated eIF2α was added to the 

pre-incubated mixtures to start the reactions.  

Reactions conducted with Sephin1, Guanabenz or tautomycin (section 3.1.2), 

included a 15 min pre-incubation of the enzymatic components at room 

temperature (before addition of substrate). Solutions of PP1 were supplemented 

with either Sephin1 (Enamine, Cat. No. EN300-195090), Guanabenz (Sigma-Aldrich, 

Cat. No. D6270) Tautomycin (Calbiochem, Cat. No. 5805551) or equal volume of 
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vehicle (DMSO). Five microliters of these solutions were incubated with 5L of 

PPP1R15A and 5 L G-actin for 15 min before adding eIF2P to start the reactions 

and proceed as previously explained.  

The stability test of PP1α (section 2.10), was performed by preparing fresh 4X 

solutions of PP1α (240 nM in the assay buffer described above), which were 

incubated either at 30˚C or on ice for the specified times. Five microliters of these 

pre-incubated solutions were used to perform the dephosphorylation reactions as 

explained above.  

Reactions performed in any different buffer are specified on the corresponding 

sections of Chapter 2.  

6.2.4 Bio-Layer Interferometry (BLI) measurements 

Proteins (ligands and analytes) were diluted in BLI buffer (G-buffer supplemented 

with 0.05% Triton) at the specified concentrations, and 200 µL of each diluted 

protein preparation was arrayed on a 96-well plate (Greiner, Cat. No. 655209). This 

plate was placed in the ForteBio Octet RED96 System and a software-controlled 

Streptavidin sensor (ForteBio, Cat. No. 18–5019), pre-hydrated in BLI buffer, was 

immersed in the different wells of the plate, which was kept at 25° C at a constant 

orbital flow of 600 rpm. During the immersion of the sensor in the different wells, 

the ForteBio system provided the measurement of change in layer thickness (in 

nanometres).  

First, the sensor was equilibrated by immersion in BLI buffer for 240 s. Then, it was 

soaked in a solution containing ligand, to bind the biotinylated protein. The duration 

of this step was usually 600 s, but in order to compare different ligands (as in Figure 

2.24), this step was extended in some experiments until the signal reached a specific 

value of displacement (2 nm displacement). Next, the sensor was immersed again in 

BLI buffer (400-2000 s) to assure a stable signal derived from the tight ligand 

binding. Finally, association and dissociation of the proteins studied was analysed 

by soaking the ligand-loaded sensor in analyte solutions and BLI buffer, 

respectively. The duration of the association and dissociation of the analyte to the 

ligand was adjusted depending on the experiment.  
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For each binding pair (either PP1 and PPP1R15A or G-actin to PP1/PPP1R15A) the 

range of concentrations of analytes used were determined in an initial test (not 

shown), which was performed using a wide range of analyte concentrations. The 

idea was to avoid analyte concentrations that induced a very rapid increase in BLI 

signal and could not be properly fitted by the software used to analyse the data.  

Data analysis were performed using GraphPad Prism v7 and curves were fitted to 

receptor binding kinetics: “association then dissociation” or “association only”, as 

specified in section 2.7. These are standard fitting models that do not require 

information about the binding sites involved in the interaction between the proteins 

measured. 

6.2.5 Amplex UltraRed 

This assay was performed in a 20 µL reaction consisting of 10 µL of Amplex 

UltraRed-containing detection solution and 10 µL of phosphate-containing solution. 

Hundred microliters of 2X detection solution were prepared by mixing 5 µL of 1 mM 

Amplex UltraRed [10 mM stock solution in DMSO (Invitrogen, Cat. No. A36006) 

diluted 1:10 in AUR buffer (50 mM Tris pH 7.4 and 0.02% Triton)], 1 µL of 100 U/mL 

horseradish peroxidase (Sigma, Cat. No. 77332), 10 µL of 30 mM inosine (Sigma, Cat. 

No. I4125-1G), 4 µL of 1 U/mL purine nucleoside phosphorylase (Sigma, Cat. No. 

N8264-100U), 24.2 µL of 3.3 U/mL xanthine oxidase (Sigma, Cat. No. X4500-5U), 

1 µL of 100 mM MnCl2 and 54.8 µL of AUR buffer. (Note: the xanthine oxidase comes 

in a buffer that contains sodium phosphate, it was buffer exchanged in AUR buffer 

supplemented with 0.1 mm EDTA using a PG25 column, and 2.3 M ammonium 

sulphate was added in the collected fraction). 

Phosphate-containing solutions consisted of 10 µL of diluted 1 X PBS solutions 

(1 mM Pi) in water or specified amounts of phosphorylated substrate and enzyme 

diluted in assay buffer (50 mM Tris pH 7.4, 100 mM NaCl, 0.1 mM EDTA, 0.01% 

Triton X-100, 1 mM MgCl2). 

Both solutions were mixed in 384-well plates and read immediately after that in an  

TECAN Infinite F500 (excitation 535 nm/ emission 590 nm). 

GraphPad Prism v7 was used to create the graphs and analyse the data.  
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6.2.6  Malachite Green 

Dephosphorylation reactions at a final volume of 50 µL were performed by 

incubating eIF2α0 (5.5 µM), PP1/PPP1R15 binary complex (9 nM), G-actin (1.2 µM), 

ATP (50µM) and PERK (0.128µM) in assay buffer. These reactions were set in 

96-well plates and were incubated at room temperature for 180 min. Other 

components (as okadaic acid or tautomycin) were added when specified on the text.  

The reactions were diluted by addition of 100 µL H2O and the colour was developed 

by addition of 50 µL reaction mix [10 mL Malachite Green dye solution, 2.5 mL 

ammonium molybdate (7.5% stock prepared in plastic reaction tubes to avoid 

phosphate contamination) and 0.2 mL Tween 20 (11% stock)]. The Malachite Green 

dye solution consisted of 1.2 g Malachite Green [final 0.111 % (w/v), 900 mL H2O 

and 180 mL 36 N sulphuric acid (H2SO4)]. Sodium citrate was added to a final 

concentration of 3% (w/v) and incubated for 2 min, to avoid non-enzymatic 

hydrolysis of ATP. Absorbance was read at 612 nm with Tecan Infinite F500. 

For the automatic dispensing test, the volume of the reactions was reduced to 20 µL, 

and the volume of combined water and reaction mix added was 30 µL. First, the 

robot transferred 10 µL of dephosphorylation reactions solutions, which contained 

all the components but kinase PERK. Ten microliters of PERK in assay buffer was 

added later to start the reactions, which were incubated for 180 min and were 

stopped by addition of 30 µL reaction mix.  

When relevant, z-values were obtained using Equation 4.1 in Excel.  

6.2.7 ELISA 

Antibodies used: rabbit anti-eIF2αP (Abcam, Cat. No. ab32157), rabbit serum 

directed to the N-terminus of eIF2α (residues 1–185) (lab name NY1308), HRP goat 

anti-rabbit (Thermofisher, Cat. No. G-21234). 

Plates used: regular ELISA plate (COSTAR, Cat. No. 3590), HisSorb Ni-NTA plates 

(Quiagen, Cat. No. 35061) and Neutravidin ELISA plate (Thermofisher, Cat. No. 

15129) 
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Substrates used as antigen: His-Tagged eIF2α (1-185) (105, Table 6.2), eIF2α-GGGGS 

(1884, Table 6.2), eIF2α-GSAGSAAGSG (1885, Table 6.2) and AviTagged-eIF2α 

(1886, Table 6.2).  

The coating of the ELISA plates was done by incubating 50 µL of the phosphorylated 

proteins (diluted at the specified concentration in PBS) over-night at room 

temperature. Plates were washed 3 times for 5 min using washing buffer (0.9% 

NaCl, 0.05% Tween20), blocked for 1 hour at room temperature adding 300 µL of 

blocking buffer (PBS, 0.25% BSA, 0.05% Tween20, 0.1% sodium azide) per well and 

washed again 3 times for 5 min using washing buffer. Then, 50 µL of primary 

antibody (diluted in blocking buffer) were incubated over night at 4° C. Plates were 

washed as previously described and 50 µL of HRP-labelled secondary antibody 

(diluted in blocking buffer without NaAz) were incubated for 1 hour at room 

temperature. Secondary antibody was washed and 50 µL of substrate solution 

[Tetramethylbenzidine (TMB) substrate, SIGMA, Cat. No. T0440] was added. Plates 

were covered with aluminium foil for ~10 min, to allow the development of blue 

product (that only occurs under light protection). The HRP reaction was stopped by 

addition of 50 µL of stop solution (1 M H2SO4) and the absorbance of the reactions 

was read at 450 nm.  

For the Ni-NTA HisSorb plates, the washing buffer was PBS-Tween and for the 

Neutravidin plates the washing buffer was 25 mM Tris pH 7.4, 150 mM NaCl, 0.1 % 

BSA and 0.05 % Tween.  

6.2.8 TR-FRET 

Following the final optimised conditions, black polystyrene plates (Corning, Cat. No. 

3677) were used to perform the assay at a final volume of 20 µL, consisting of 10 µL 

of dephosphorylation reactions and 10 µL of TR-FRET solution (from the 

labelled-antibody kit).  

The components of the 10 µL dephosphorylation reactions were diluted in assay 

buffer (50 mM Tris pH 7.4, 100 mM NaCl, 0.1 mM EDTA, 0.01% Triton X-100, 1 mM 

MgCl2) using a Tecan D300e dispensing system. The substrate used was GFP-eIF2α 

(UK1044, Table 6.2) and the phosphatase consisted of PP1γ (622, Table 6.2), 

PPP1R15A325-636-MBP (1677, Table 6.2) and G-actin.  



199 
 

The TR-FRET solution contained the phosphatase inhibitor tautomycin (at 200 nM 

to stop the enzymatic reaction) and the TR-FRET donor, the Tb-anti-eIF2αP 

antibody, (LanthaScreen™ Tb-peIF2α (pSer52), Fisher Scientific, Cat. No. 

10503084). These components were diluted in TR-FRET buffer that came with the 

kit of the antibody.  

After 1 hour incubation of dephosphorylation reaction, the TR-FRET solutions were 

added, and 2 hours later (to allow the interaction of the TR-FRET pair, the donor Tb-

anti-eIF2αP antibody and the acceptor GPF-eIF2αP), the TR-FRET signal was 

measured.  

Data was acquired on a PHERAstar FSX detector using a LanthaScreen optic module 

(Excitation λ: 337 nm, Emission A λ: 520 nm, Emission B λ: 495 nm) and 200 µs of 

integration time. Two values were obtained per well, corresponding to TR-FRET 

signal (Excitation λ: 337 nm, Emission A λ: 520 nm) and donor signal (Excitation λ: 

337 nm, Emission B λ: 495 nm). Data was processed on Microsoft Excel by 

normalizing the TR-FRET to donor signal: 

Signal= 
(Ex λ: 337 nm ,Em λ:520 nm)

(Ex λ: 337 nm ,Em λ: 495 nm)
× 10000 

GraphPad Prism v7 was used to create the graphs.  

6.3 Cell culture 

6.3.1 Genomic editing by CRISPR  

6.3.1.1 PPP1R15A 

Dual reporter CHOP::GFP, XBP1::Turquoise CHO-K1 cell line (clone S21 a derivative 

of RRID: CVCL_ 0214) (Sekine et al., 2015) were chosen to create PPP1R15A-

deficient clones by CRISPR-Cas9 system (Ran et al., 2013). 

CRISPy database (URL: http://staff.biosustain.dtu.dk/laeb/crispy/) was used to 

select single guide RNA sequences to target the PPP1R15A-encoding gene in exon 1 

(upstream the PP1 binding motif). The two sequences selected were CRISPy Target 

ID 1668683 and 1671391, and duplex DNAs of the sequences (primers 1142, 1143, 

1144, 1145, Table 6.1) were inserted into the pCas9-2A-GFP plasmid (1359, Table 
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6.2) to create CHO_PPP1R15A_guide1_pSpCas9(BB)-2A-GFP (1599 , Table 6.2) and 

CHO_PPP1R15A_guide2_pSpCas9(BB)-2A- GFP (1600, Table 6.2), respectively.  

CHO-K1 cells were transfected with either plasmid (1599 or 1600) using 

Lipofectamine LTX (Invitrogen). Twenty-four hours later, cells were washed with 

PBS and resuspended in PBS supplemented with 4 mM EDTA. A MoFlo Cell Sorter 

(Beckman Coulter) was used to individually sort GFP-positive cells (confirming 

plasmid transfection) (Figure 6.1). 

 

Figure 6.1. Schematic representation of procedure used to create dual reporter 

(CHOP::GFP;XBP1s::Turquoise) PPP1R15AKO (R15AKO) CHO-K1 cells using CRISPR-Cas9. 

 Genomic analysis of the clones was performed using a PCR-based assay. Primers 

(1147, 1146, 1192, Table 6.1) were designed to amplify the Ppp1r15a region 

targeted by the RNA guides. The reverse primer was labelled with 6-

carboxyfluorescein (6-FAM) on the 5’ end, to create fluorescently-labelled PCR 

products. The diluted PCR products were loaded on a 3130xl Genetic Analyzer 

(Applied Biosystems) and analysed using the Gene Mapper software (Applied 

Biosystems) to determine their length. Clones in which frame-shifting mutations 

were predicted by size of the PCR product, were sequenced. PPP1R15AKO (clone #1) 

(from Guide 1) was identified as compound heterozygous for two gene-disrupting 

alleles [1479_1492delGCTCAGGGTTGTCT/1491_1492ins (440n), that encode for 

proteins with a stop codon 68 and 63 amino acids upstream the KVxF motif, 

respectively] and PPP1R15AKO (clone #2) (from Guide 2) as homozygote 

[1588_1589insA, that encodes for a protein with a stop codon 29 amino acids 

upstream the KVxF motif]. All three alleles have mutations 5’ of the PP1 binding 
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motif, with no AUG codon for in frame down-stream translation initiation of a 

fragment containing the functional fragment of the protein (Figure 6.2). 

 

Figure 6.2. Schema of the mutant Ppp1r15aKO alleles.  

The two coding exons of wild-type hamster Ppp1r15a are denoted as is the region encoding the crucial 

RVxF motif (KVHF, in PPP1R15A) and the positions of the guide RNAs used to direct the Cas9-mediated 

double strand breaks. 

6.3.1.2 eIF2α 

High fidelity homology directed repair (HDR) CRISPR-Cas9 system was used to 

create Ser51Ala mutation in eIF2α in dual reporter CHOP::GFP;XBP1s::Turquoise 

CHO-K1 cell line (clone S21). Duplex DNAs of guide sequence [CRISPy Target ID: 

1051485, (1017, 1020, Table 6.1)] was inserted into pCas9-2A-puro vector (1367, 

Table 6.2) to create CHO_Eif2s1_guideC_pSpCas9(BB)-2A-Puro (1507, Table 6.2). 

CHO-K1 cells were transfected with this plasmid and a 190 bp single-stranded DNA 

oligonucleotide (ssODN, 1022, Table 6.1) that carried the desired mutation 

(Ser51Ala) and a PAM mutation (to abolish the Cas9 cleavage site in recombinant 

alleles). Cells that were CHOP::GFP negative upon histidinol treatment were single-

cell sorted (Figure 6.3). 

 

Figure 6.3. Schematic representation of procedure used to create dual reporter (CHOP::GFP; 

XBP1s::Turquoise) eIF2αS51A CHO-K1 cells using CRISPR-Cas9 system. 

The genotypic analysis of the selected clone (1065, 1066, Table 6.1) showed that it 

is heterozygous, one allele contains the desired mutation [5307_T>G (Serine), 
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5321_C>T (PAM), with the Serine 51 to alanine mutation] and the other allele has a 

deletion that produces a truncated version of the protein (5326_5327delT, that 

encodes a protein with a stop codon at position 59), thus the only functional copy of 

eIF2α in this cell has the S51A mutation (Figure 6.4). 

 

Figure 6.4. Schema of the mutant Eif2s1 alleles. 

The ssODN with the Ser>Ala mutation is denoted as is the position of the guide RNAs used to perform the 

high fidelity homology directed repair Cas9-mediated genomic modification.  

6.3.1.3 GCN2KO;PPP1R15BKO 

Same dual reporter CHOP::GFP, XBP1s::Turquoise CHO-K1 cell line (clone S21) was 

chosen to create compound-mutant GCN2KO;PPP1R15BKO knock out clones by 

CRISPR-Cas9 system.  

A CRISPR guide was designed to target the region of exon 9 of Eif2ak4 (GCN2) that 

is upstream of the kinase domain. Following same protocol as previously described, 

a duplex DNA of CRISPy Target (in this case, ID 1051489, primers 969, 970, Table 

6.1) was introduced in pCas9-2A-puro plasmid (1367, Table 6.2) to create 

CHO_EIF2K4_guideA_pSpCas9(BB)-2A-Puro (1497, Table 6.2). Cell sorting was 

based on loss of the ISR (lost of CHOP::GFP signal) upon Histidinol treatment (Figure 

6.5). 

 

Figure 6.5 . Schematic representation of procedure used to create dual reporter (CHOP::GFP, 

XBP1s::Turquoise) GCN2KO CHO-K1 cells using CRISPR-Cas9 system. 
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The Eif2ak4 genomic region from sorted cells was sequenced (primers 975,976, 

Table 6.1). The GCN2KO clone selected was identified as homozygous for a 

36019_36020insG, InDel that encodes a truncated protein lacking the kinase domain 

(the mutation alters the protein sequence at position 433, 157 amino acids 

upstream the kinase domain) (Figure 6.6). 

 

Figure 6.6. Schema of the mutant Eif2ak4KO alleles. 

Joe Chambers introduced the PPP1R15B mutation in this selected clone. CRISPR 

guides were designed to target Ppp1r15b at either the 5’ end (Guide A, CRISPy Target 

ID 1315067) or 3’ end (Guide B, CRISPy Target ID 1315106) of exon1; both 

upstream of the catalytic KVxF motif, which spans at the junction of exons 1 and 2. 

Guide DNA duplexes for each target were introduced into pSpCas9(BB)-2A-

mCherry_V2 (1610, Table 6.2) to create CHO_PPP1R15B_guideA_pSpCas9(BB)-2A-

mCherry_V2 (2081, Table 6.2) and CHO_PPP1R15B_guideB_pSpCas9(BB)-2A- 

mCherry_V2 (2082 , Table 6.2). Positive CHO-K1 cell transfectants were sorted for 

mCherry expression by FACS (Figure 6.7) 

 

Figure 6.7. Schematic representation of procedure used to create dual reporter (CHOP::GFP, 

XBP1s::Turquoise) GCN2KO;PPP1R15BKO CHO-K1 cells using CRISPR-Cas9 system. 

The Ppp1r15b genomic region from sorted cells was sequenced. The selected clone 

targeted by guide A (clone #1) was heterozygous for a 45_52del and 48_49insC. The 

N-terminal region of hamster Ppp1r15b locus is not sequenced, but the effect of 

these mutations can be referred to the position of these amino acids in the mouse 

counterpart: they would produce proteins with stop codons at position 67 and 70 of 

the PPP1R15B protein. The selected clone targeted by guide B (clone #2) was 
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heterozygous for a 1724del and 1722_1725del., the in silico protein sequence 

predicted from these alleles contain stop codons at 41 and 40 amino acids upstream 

the KVxF motif. Therefore, both clones encode only truncated PPP1R15B proteins, 

each lacking the KVxF containing catalytic domain (Figure 6.8) (note: the existing 

anti-PPP1R15B sera do not recognize the hamster protein, hence confirmation of 

gene disruption was confined to genotypic analysis, which revealed mutations that 

prevent expression of the active C-terminal fragment). 

 

Figure 6.8. Schema of the mutant Ppp1r15bKO alleles.  

The two coding exons of wild-type hamster Ppp1r15b are denoted as is the region encoding the PP1-

binding RVxF motif (KVTF, in PPP1R15B) and the positions of the guide RNAs used to direct the Cas9-

mediated double strand breaks.  

6.3.1.4 PPP1R15AKO; PPP1R15BKO 

Dual CHOP::GFP;XBP1s::Turquoise PPP1R15AKO cells (clone #1) were transfected 

with CHO_PPP1R15B_guideB_pSpCas9(BB)-2A-mCherry_V2 (2082, Table 6.2). 

Positive CHO-K1 cell transfectants were sorted for mCherry expression by FACS. 

These cells were additionally sorted for GFP activation, this was done under the 

assumption that PPP1R15A-deficient cells in which Ppp1r15b locus is targeted, 

should have high levels of phosphorylated eIF2α, and as a consequence, high levels 

of CHOP::GFP reporter expression (Figure 6.9). 

 

Figure 6.9. Schematic representation of procedure used to create dual reporter (CHOP::GFP, 

XBP1s::Turquoise) PPP1R15AKO;PPP1R15BKO CHO-K1 cells using CRISPR-Cas9 system. 
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According to the sequencing of the genomic Ppp1r15b locus, the clone 

PPP1R15AKO;PPP1R15BKO #1, was heterozygous, with one allele containing a 72bp 

insertion (that introduces a stop codon in the protein sequence 7 amino acids 

upstream the KVxF motif) and the other allele containing a 1bp insertion (that 

introduces a stop codon 4 amino acids upstream the KVxF motif). 

PPP1R15AKO;PPP1R15BKO #2, was also heterozygous, with one allele containing a 

16bp deletion and the other allele a 17bp deletion, which encode for a PPP1R15B 

protein with a stop codon 10 amino acids upstream the KVxF motif and a PPP1R15B 

protein with a randomized sequence starting at position -12 from the KVxF motif, 

respectively. Therefore, both mutants contained Ppp1r15b alleles that encode for 

PPP1R15B proteins that lack the C-terminal functional region (Figure 6.10) 

 

Figure 6.10. Schema of the mutant Ppp1r15bKO alleles from R15KO cells. 

The two coding exons of wild-type hamster Ppp1r15b are denoted as is the region encoding the PP1-

binding RVxF motif (KVTF, in PPP1R15B) and the positions of the guide RNA used to direct the Cas9-

mediated double strand breaks.  

6.3.1.5 Primers used for CRISPR-Cas9 

The primers used for the generation of CRISPR-Cas9 plasmids and sequencing of 

gene locus are annotated in the following table: 

Lab. 
No. 

Lab. Name Sequence Description 

969 CHO_eif2ak4_CrispyA_1s 
CACCGCATAGGGATTGGGCCCGAG

TGG 
CRISPR guide 1 targeting 

eif2ak4 

970 CHO_eif2ak4_CrispyB_1s 
AAACCCACTCGGGCCCAATCCCTA

TGC 
CRISPR guide 1 targeting 

eif2ak4 

975 CHO_eif2ak4_g1s CCTGGTGAAACTGAGCCATCC PCR genomic eif2ak4  

976 CHO_eif2ak4_g2AS AGTGCCCTCGGCATCTACCAA PCR genomic eif2ak4  

1017 CHO_eif2s1_CrispyC_1s  CACCGGATCAGTTTGTTTATAGAA 
CRISPR guide C targeting 

eif2s1 

1020 CHO_eif2s1_CrispyC_2AS AAACTTCTATAAACAAACTGATCC 
CRISPR guide C targeting 

eif2s1 
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1022 CHO_eif2s1_ssODN_C 

AATGTAAGATCCATAGCTGAGATG
GGAGCCTATGTTAGCTTGTTGGAA
TACAATAACATTGAAGGCATGATT
CTTCTTAGTGAATTAGCCAGAAGA
CGTATTCGTTCTATAAACAAACTG
ATCCGCATTGGCAGAAATGAATGT
GTAGTTGTCATTAGAGTGGACAAA

GAAAAAGGTAAGTGAGAAAAA 

CRISPR ssODN (guide C) 
eif2a S51A mutation MUT 

PAM 

1065 CHO_eif2s1_g1s 
TGTAGTGATGGTGAATGTAAGAT

CC PCR genomic eif2s1  

1066 CHO_eif2s1_g2AS 
GACAACTACACATTCATTTCTGCC

A PCR genomic eif2s1  

1142 
CHO_PPP1R15A_Crispy1_

1s 
CACCGAGGCTCAGGGTTGTCTGCC 

CRISPR guide 1 targeting 
PPP1R15A 

1143 
CHO_ 

PPP1R15A_Crispy1_2AS 
CACCGAGGCTCAGGGTTGTCTGCC 

CRISPR guide 1 targeting 
PPP1R15A 

1144 
CHO_PPP1R15A_Crispy2_

1s 
CACCGGCAGCTTAGGGGCAGTCCA 

CRISPR guide 2 targeting 
PPP1R15A 

1145 
CHO_PPP1R15A_Crispy2_

2AS 
AAACTGGACTGCCCCTAAGCTGCC 

CRISPR guide 2 targeting 
PPP1R15A 

1146 CHO_PPP1R15A_g1s AAGCAGCTGACCCAGACAAG PCR genomic PPP1R15A  

1147 CHO_PPP1R15A_g2AS TCTGGCCCGTAAAGGAGTCT PCR genomic PPP1R15A  

1192 
CHO_PPP1R15A_g1s_5'6

FAM 
[6FAM]AAGCAGCTGACCCAGACA

AG 
PCR genomic PPP1R15A  

5'-6FAM label 
Table 6.1. Primers used during CRISPR-Cas9–based protocols.  

6.3.2 Flow cytometry analysis 

CHO-K1 cells were plated in six-well plates at 3·105 cells/well density. Next day, they 

were treated for 20 hours with specified compounds. Cells were washed twice with 

PBS and suspended in PBS supplemented with 4 mM EDTA to be evaluated by flow 

cytometry. Flow cytometry data were analyzed using FlowJo (FlowJo,LLC) and 

GraphPad Prism v7 was used to create bar graphs. Replicates of flow cytometry 

experiments were analysed using Stata 14 StataCorp. The interaction between 

treatments and genotypes in the different repeats was modeled using linear 

regression. The model was used to test whether the effect of different treatments 

differed between the genotypes, allowing for different mean values of CHOP::GFP 

and XBP1s::Turquoise on each repeat using a t-test. The analysis showed non-

significant differences between genotypes. However, for each cell type, there were 

significant differences (p<0.02) between untreated cells versus stressed cells and 

also between the latter and cells co-treated with Sephin1. 

6.3.3 Cell treatment, immunoprecipitation and immunoblot 

Antibodies used: rabbit anti-PPP1R15A (ProteinTech, Cat. No. 10449–1-AP), rabbit 

anti-eIF2αP (Abcam, Cat. No. ab32157), chicken anti-BiP (Avezov et al., 2013), 

mouse anti-eIF2α (Scorsone et al., 1987)  
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Drugs used: tunicamycin (Melford, Cat. No. T2250), thapsigargin (Calbiochem, Cat. 

No. 586005), L-Histidinol (Acros Organics, Cat. No. 228830010), PERKi (Gift from 

GSK, GSK2606414A) and Sephin1 (Enamine, Cat. No. EN300-195090). 

CHO-K1 cells were plated in 10 cm dishes until they reached 80 % confluency, at 

which point they were treated with 2.5 µg/ mL of tunicamycin or DMSO (vehicle) 

for 7 hours. Cells were washed twice with ice-cold PBS, scraped in presence of PBS 

with 1 mM EDTA and centrifuged at 376 x g for 5 min at 4˚C (5424 R, Eppendorf). 

Four pellet-volume of harvest buffer (10 mM HEPES pH 7.9, 50 mM NaCl, 

0.1 mM EDTA, 0.5% Triton, 0.5 M Sucrose, 1 mM DTT, 4 mg/mL Aprotinin, 1 mM 

PMSF, 2 mg/ mL Pepstatin, 17.5 mM b-Glycerophosphate, 10 mM Tetrasodium 

Pyrophosphate, 100 mM NaF) was used to lyse the cells. After 5–10 min of 

incubation on ice, samples were clarified at 21130 x g for 15 min at 4˚C (5424 R, 

Eppendorf). Protein quantification of the clarified supernatants was performed 

using Bradford method.  

For immunoprecipitation, 15 mL Protein A-Sepharose beads (Zymed, Cat. No. 10–

1042) per sample where pre-incubated with anti-PPP1R15A antibody. Equal 

amounts of protein extract (800 mg) were incubated with the beads over-night 

rotating at 4˚C. After four washes with 1 mL of TBS, 20 mL of 2X Laemmli loading 

buffer were added to the samples. Once incubated at 70˚C, same volumes were 

loaded into a 10% SDS-PAGE gel and transferred to a PVDF membrane. 

6.3.4 Cell viability experiments 

Cells were plated in 24-well plates at 2000 cells/mL density. The following day, cells 

were treated with Sephin1 or vehicle (DMSO) and 4 hours later, tunicamycin or 

vehicle (DMSO) was added. After 24 hours, the co-treatment was removed and 

replaced by fresh growth media.  

Cells were checked on a daily basis until untreated cells reached ~90% confluency. 

At this point, growth media was replaced by 300 μL of growing media supplemented 

with 0.05 mM water-soluble tetrazolium salts [WST-1 (Dojindo, Cat. No. W201-10)] 

and 0.02 nM 1-methoxy phenazinemethosulfate [PMS (Sigma, Cat. No. P9625)]. Cells 

were incubated in presence of this mixture for 3-4 hours at 37°C until they 

developed an orange colour. A fraction (100 µL) of the media was transferred to a 
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96-well plate and the absorbance was read at 480 nm (Tecan Infinite F500). 

GraphPad Prism v7 was used to create the plots. 

6.3.5 Kinase shut-off experiment to assess eIF2αP dephosphorylation in 

cells 

The experimental procedure was adapted from (Chambers et al., 2015). Briefly, 

CHO-K1 cells (GCN2KO; Ppp1r15bKO) were plated in 10 cm dishes at 40% confluency. 

Sixteen-twenty hours later, fresh media was added and cells were incubated for 

2 hours. Sephin1 (50 mM) or DMSO was added to the media for either 30 min or 

5 hours before application of thapsigargin (300 nM for 30 min) or tunicamycin 

(2.5 µg/ mL for 2 hours) to induce stress by activation of PERK kinase. 

GSK2606414A (2 µM) was added to inhibit PERK. The PP1/PPP1R15A-dependent 

decay of the eIF2αP signal (by its dephosphorylation) was tracked by stopping the 

reaction at different time points by addition of ice-cold PBS. Amounts of eIF2αP and 

total eIF2α were detected by immunoblot. ImageJ (NIH) was used to quantify signal 

intensity and one phase decay model (GraphPad Prism v7) was used to analyse the 

rate decay of eIF2αP dephosphorylation. 

6.4 Plasmids used 

The protein expression vectors used in this study are summarized in the following 

table: 

Lab. No. Lab name Description Name on figure 

75 pGSTag 
Bacterial expression plasmid for 

Glutathione S-transferase with a C-term 
protein kinase A substrate peptide 

GST 

105 eIF2a_NM_pET30a 
Bacterial expression plasmid for C-term 

His6 tagged mouse eIF2α (1-185) 
eIF2a 

168 PerkKD_Pgex4t_1 
Bacterial expression plasmid for mouse 

PERK kinase domain 
PERK 

544 
GST_TEV_mPPP1R15A_53

9-614 

Bacterial expression plasmid for N-term 
GST tagged mouse PPP1R15A (539-614) 

with TEV cleavage site 
mR15A539-614 
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Lab. No. Lab name Description Name on figure 

571 
GST_TEV_huPPP1R15B_6

31-701_V1 

Bacterial expression plasmid for N-term 
GST and C-term LEHHHHHH tagged 

human PPP1R15B (631-701) with TEV 
cleavage site 

R15B631-701 

622 PGV_PP1G_1-323_V1 
Bacterial expression plasmid for N-term 
GST full-length mouse PP1 phosphatase 

with TEV cleavage site 
PP1γ 

913 
muPP1G_7-300_pET-

30a(+) 
Bacterial expression plasmid for 
untagged mouse PP1γ (7-300) 

PP1 

1044 
eIF2a_NM_EGFP_pGEX_TE

V (MP_A) 

Bacterial expression plasmid for N-term 
GST tagged mouse eIF2a 1-185 NM fused 

to EGFP with TEV cleavage site 
GFP-eIF2 

1113 
GST_TEV_huPPP1R15B_6

31-660 

Bacterial expression plasmid for N-term 
GST tagged human PPP1R15B (631-660) 

with TEV cleavage site 
R15B631-660 

1190 
GST_TEV_huPPP1R15B_6

31-669 

Bacterial expression plasmid for N-term 
GST tagged human PPP1R15B (631-669) 

with TEV cleavage site 
R15B631-669 

1191 
GST_TEV_huPPP1R15B_6

31-684 

Bacterial expression plasmid for N-term 
GST tagged human PPP1R15B (631-684) 

with TEV cleavage site 
R15B631-684 

1232 
muPP1G_7-323_pET-

30a(+) 
Bacterial expression plasmid for 
untagged mouse PP1γ (7-323) 

PP1 

1299 
GST_TEV_huPPP1R15B_6

31_700_malE 

Bacterial expression plasmid for N-term 
GST and C-term MBP tagged human 

PPP1R15B (631-700) with TEV cleavage 
site 

R15B631-700-MBP 

1359 pSpCas9(BB)-2A-GFP 
Mammalian expression plasmid for GFP 

fused Cas9 and single guide RNA 
(Addgene 48138) 

n.a 

1367 pSpCas9(BB)-2A-Puro 
Mammalian expression plasmid for Puro-

tagged Cas9 and single guide RNA 
(Addgene 48138) 

n.a 
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Lab. No. Lab name Description Name on figure 

1497 
CHO_EIF2K4_guideA*_pSp

Cas9(BB)-2A-Puro 

Mammalian expression plasmid for Puro-
tagged CRISPR and single guide RNA for 

targeting CHO GCN2(EIF2K4) gene 
1497 

1507 
CHO_Eif2s1_guideC_pSpCa

s9(BB)-2A-Puro 

Mammalian expression plasmid for Puro-
tagged CRISPR and single guide RNA for 

targeting CHO eIF2a (EIF2S1) locus 
1507 

1583 
huPPP1R15A_533_624_m

alE_pGEX_TEV 

Bacterial expression plasmid for N-term 
GST tagged and C-term MBP tagged 

human PPP1R15A (533-624) with TEV 
cleavage site 

R15A533-624-MBP 

1599 
CHO_PPP1R15A_guide1_p

SpCas9(BB)-2A-GFP 

Mammalian expression plasmid for Puro-
tagged CRISPR and single guide RNA for 

targeting CHO PPP1R15A gene 
1599 

1600 
CHO_PPP1R15A_guide2_p

SpCas9(BB)-2A-GFP 

Mammalian expression plasmid for Puro-
tagged CRISPR and single guide RNA for 

targeting CHO PPP1R15A gene 
1600 

1610 
pSpCas9(BB)-2A-

mCherry_V2 

Mammalian expression plasmid for 
mCherry fused Cas9 and single guide 

RNA 
n.a 

1645 
GST_Myd116_273-

657_malE_pGEX_TEV 

Bacterial expression plasmid for N-term 
GST tagged and C-term MBP tagged 

mouse PPP1R15A (273-657) with TEV 
cleavage site 

mR15A273-657-MBP 

1677 
huPPP1R15A_325_636_m

alE_pGEX_TEV 

Bacterial expression plasmid for N-term 
GST tagged and C-term MBP tagged 

human PPP1R15A (325-636) with TEV 
cleavage site 

R15A325-636-MBP 

1748 
GST_TEV_huPPP1R15A_5

83-621 

Bacterial expression plasmid for N-term 
GST tagged human PPP1R15A (583-621) 

with TEV cleavage site 
R15A583-621 

1771 
GST_TEV_huPPP1R15A_5

83-623_malE 

Bacterial expression plasmid for N-term 
GST tagged and C-term MBP tagged 

human PPP1R15A (583-623) with TEV 
cleavage site 

R15A583-624-MBP 

1881 
EcBirA_WT_pGEX_TEV 

(MP1) 

Bacterial expression plasmid for N-term 
GST tagged E. Coli Bir A with TEV 

cleavage site 
n.a 
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Lab. No. Lab name Description Name on figure 

1884 
NM (1-185)-

Gly4Ser_HisTag 

Bacterial expression plasmid for mouse 
eIF2α (1-185) fused to a C-term 6His tag 

by a (GlyGlyGlyGlySer) flexible linker 
eIF2a-GGGGS 

1885 
NM (1-185)-

GSAGSAAGSG_HisTag 

Bacterial expression plasmid for mouse 
eIF2α (1-185) fused to a C-term 6His tag 

by a (GSAGSAAGSG) flexible linker 

eIF2a-
GSAGSAAGSG 

1886 
NM (1-185)-

AviTag_HisTag (MP3) 

Bacterial expression plasmid for mouse 
eIF2α (1-185) fused to a C-term 6His tag 

by a (AviTag) linker 
eIF2a-AviTag 

1897 
mPP1G_1-

323_pGEX_TEV_AviTag 
(MP2) 

Bacterial expression plasmid for N-term 
AviTag and GST tagged mouse PP1(1-

323) with TEV cleavage site 
PP1γ 

1920 
huPPP1R15A_533_624_m

alE_pGEX_TEV_AviTag 
(MP1) 

Bacterial-expression plasmid for N-term 
AviTag and GST tagged human and C-

term MBP tagged PPP1R15A (533-624) 
with TEV cleavage site 

R15A533-624-MBP 

1921 
huPPP1R15A_325_636_m

alE_pGEX_TEV_AviTag 
(MP4) 

Bacterial-expression plasmid for N-term 
AviTag and GST tagged human and C-

term MBP tagged PPP1R15A (325-636) 
with TEV cleavage site 

R15A325-636-MBP 

1952 
huPPP1R15A_R578A_533
_624_malE_pGEX_TEV_Avi

Tag 

Bacterial-expression plasmid for N-term 
AviTag and GST tagged human and C-

term MBP tagged PPP1R15A (533-
624)(containing R578A mutation) with 

TEV cleavage site 

R15A(R578A)533-

624-MBP 

1953 
huPPP1R15A_W582A_533
_624_malE_pGEX_TEV_Avi

Tag 

Bacterial-expression plasmid for N-term 
AviTag and GST tagged human and C-

term MBP tagged PPP1R15A (533-
624)(containing W582A mutation) with 

TEV cleavage site 

R15A(W582A)533-

624-MBP 

1993 
huPPP1R15A_V556E_533_
624_malE_pGEX_TEV_Avi

Tag 

Bacterial-expression plasmid for N-term 
AviTag and GST tagged human and C-

term MBP tagged PPP1R15A (533-
624)(containing V556E mutation) with 

TEV cleavage site 

R15A(V556E)533-

624-MBP 

1995 
huPPP1R15A_F592A_533_
624_malE_pGEX_TEV_Avi

Tag 

Bacterial-expression plasmid for N-term 
AviTag and GST tagged human and C-

term MBP tagged PPP1R15A (533-
624)(containing F592A mutation) with 

TEV cleavage site 

R15A(F592A)533-

624-MBP 

2081 
CHO_PPP1R15B_guideA_p

SpCas9(BB)-2A-
mCherry_V2 

Mammalian expression plasmid for Puro-
tagged CRISPR and single guide RNA for 

targeting CHO PPP1R15B at 5' end of 
exon1 

2081 



212 
 

Lab. No. Lab name Description Name on figure 

2082 
CHO_PPP1R15B_guideB_p

SpCas9(BB)-2A-
mCherry_V2 

Mammalian expression plasmid for Puro-
tagged CRISPR and single guide RNA for 

targeting CHO PPP1R15B at 3' end of 
exon1 

2082 

2258 
huPPP1R15A_325-

636_pMAL-c5X-H6 (AB) 

Bacterial expression plasmid for N-term 
MBP tagged and C-term His6 tagged 
human PPP1R15A (325-636) (From 

Anne Bertolotti's lab) 

MBP~R15A325-636 

2260 
MBP_huPPP1R15A_325-
636_H6_pMAL-c5X-His 

Bacterial expression plasmid for N-term 
MBP tagged and C-term His6 tagged 

human PPP1R15A (325-636) 
MBP-R15A325-636 

2261 
MBP_huPPP1R15A_325-
512_H6_pMAL-c5X-His 

Bacterial expression plasmid for N-term 
MBP tagged and C-term His6 tagged 

human PPP1R15A (325-512) 
MBP-R15A325-512 

2264 PP1A_7-330_RP1B (MPC) 

Bacterial expression plasmid for N-term 
His6 tagged rabbit PP1α (7-330) with 

TEV cleavage site (From Wolfgang Peti's 
lab, Addgene Plasmid# 26566) 

PP1α 

Table 6.2. Plasmid list 

List of protein expression vectors used in this study with their annotated number, name, description and the 

name assigned in the figures to their encoded proteins.  
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