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Abstract

The functionality of eukaryotic translation elongation factor 2 (eEF2) is modulated by phospho-
rylation, eEF2 is simultaneously the molecular target of ADP-ribosylating toxins. We analyzed the
interplay between phosphorylation and diphthamide-dependent ADP-ribosylation.
Phosphorylation does not require diphthamide, eEF2 without it still becomes phospho-rylated.
ADP-ribosylation not only modifies the H715 diphthamide but also inhibits phosphorylation of
S595 located in proximity to H715, and stimulates phospho-rylation of T56. S595 can be
phosphorylated by CDK2 and CDK1 which affects EEF2K-mediated T56-phosphoryla-tion. Thus,
ADP-ribosylation and S595-phosphorylation by kinases occur within the same vicinity and both
trig-ger T56-phosphorylation. Diphthamide is surface-acces-sible permitting access to ADP-
ribosylating enzymes, the adjacent S595 side chain extends into the interior. This orientation is
incompatible with phosphorylation, nei-ther allowing kinase access nor phosphate attachment.
S595 phosphorylation must therefore be accompanied by structural alterations affecting the
interface to ADP-ribosylating toxins. In agreement with that, replacement of S595 with Ala, Glu
or Asp prevents ADP-ribosylation. Phosphorylation (starvation) as well as ADP-ribosylation
(toxins) inhibit protein synthesis, both affect the S595/ H715 region of eEF2, both trigger T57-
phosphorylation eliciting similar transcriptional responses. Phosphorylation is short lived while
ADP-ribosylation is stable. Thus, phosphorylation of the S595/H715 ‘modifier region’ triggers
transient interruption of translation while ADP-ribosylation arrests irreversibly.

Keywords

amino acid deprivation; apoptosis; diphthamide; diphtheria toxin; Pseudomonas exotoxin targeted
therapy

Introduction

Eukaryotic elongation factor 2 (eEF2) mediates translocation of peptide-tRNA complexes
from the A- to the P-site of the ribosome in a GTP-dependent manner and is essential for
protein synthesis (Merrick, 1992; Kaul et al., 2011). As ‘responder’ to environmental and
intracellular triggers, eEF2 plays also an important role in the regulation of protein
synthesis. In particular, modifications such as T56 phosphorylation by eEF2 Kinase (eEF2K)
modulate eEF2 activity and hence translation efficacy: T56 phosphorylation prevents eEF2
binding to the ribosome and thereby inhibits translation (Ovchinnikov et al., 1990; Price et
al., 1991). Activation of eEF2K can be triggered by many signals. For example, AMP-
dependent protein kinase (AMPK) induces eEF2K activation which leads to T56
phosphorylation in starving cells (Horman et al., 2002). EEF2 activity is also modulated by
S595 phosphorylation, which in turn increases T56 phosphorylation (Hizli et al., 2013).
Another position of eEF2 which is post-translationally modified is diphthamide, placed upon
H715 by the concerted action of seven cellular gene products (DPH1-7) (Mattheakis et al.,
1992; Nobukuni et al., 2005; Webb et al., 2008; Su et al., 2013; Dong et al., 2014; Schaffrath
etal., 2014; Stahl et al., 2015b). Diphthamide serves as target of toxins including
Pseudomonas and diphtheria toxins. Upon entering cells, these toxins bind to eEF2 in the
cytoplasm and catalyze ADP-ribosylation of the diphthamide using NAD as ADP-ribosyl
donor (Zhang et al., 2008). ADP-ribosylation inactivates eEF2 and thereby arrests protein
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translation. The presence and composition of the H715 diphthamide is highly conserved in
all eukaryotes (Van Ness et al., 1980), as well as in their archaeal counterparts. This
modification may therefore also play an important role in regulation of eEF2 functionality
(e.g. in translational fidelity; Liu et al., 2012), and hence in the regulation of protein
synthesis.

EEF2K-mediated phosphorylation and toxin-mediated ADP-ribosylation of eEF2 both stall
protein synthesis at the ribosome, but provide different initiating triggers and different
outcomes for the cell. We therefore investigated if there is an interplay between eEF2
phosphorylation and ADP-ribosylation: we analyzed the influence of eEF2 phosphorylation
on ADP-ribosylation and (vice versa) of ADP-ribosylation on eEF2 phosphorylation.

S595 phosphorylation changes the eEF2 structure in the vicinity of the diphthamide

A model for human eEF2 in complex with Pseudomonas exotoxin A was created based on
the structure PDB:3B82 (Joergensen et al., 2008). Human and yeast eEF2 share a sequence
identity of 65.7%. Homology assignment of the human sequence on this eEF2-PE structure
reveals the protein surface that interacts with PE to be identical between human and yeast,
including H715 and S595. A human eEF2 structure is PDB:3J3A, a cryo-EM based model
of the human 80s ribosome. In this model, human eEF2 has a different conformation than
yeast eEF2 in complex with PE. The tertiary structure of the individual domains however is
identical. The structure of yeast eEF2 is used as a template for the reorganization of the
human eEF2 parts into a ‘PE-binding competent’ form. This is based on the assumption that
the interaction mode between eEF2 and PE is mechanistically conserved. None of the amino
acid changes that we implemented to humanize the yeast derived structure generated
structural incompatibilities, or generated alterations in proximity to the phosphorylation sites
at T56 and S595, or alterations close to H715 and its attached diphthamide. The diphthamide
modification is modeled by hand. The phosphorylation site T56 is located on a loop that is
not visible in the yeast structure and is thus disordered. Consequently, the loop A49-R66 was
modeled and minimized by molecule typing with the CHARMM forcefield and minimizing
with a conjugate gradient method including 800 steps, an root mean square (RMS) gradient
of 0.1 and an energy change value of 0.0 (note: we observed a discrepancy in position
designation between sequence files and literature, with T56 actually being in sequence
position 57 in the sequence. For unambiguous identification, we call ‘T56’ the amino acid
that is underlined in the sequence stretch AGETRFTDTR of eEF2). T56 is a substrate for
phosphorylation by EEF2K, the prototype member of a protein family termed “alpha
kinases’ because the bacterial analog of eEF2 harbors an a-helix at the position that might
correspond to T56. However, neither yeast nor human structures nor secondary structure
predictions indicate that T56 of eEF2 might be part of an a.-helix.

The model of human eEF2 (Figure 1) reveals the eEF2K phosphorylation site T56 to be
distant from S595 (>55A) and H715 diphthamide (>60A). However, S595 is close (10.4 A)
to the diphthamide. The corresponding model of human eEF2 complexed with PE shows
that both, S595 and H715 diphthamide are positioned in the eEF2-PE interface, i.e. in the
region of complex formation between eEF2 and toxin.
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S595 becomes phosphorylated by CDK-2 which modulates EEF2K mediated T56
phosphorylation. We observed that phosphoserine is structurally not tolerable at that position
due to an inward-facing orientation of the S595 side chain: phospho-S595 placed into the
structure generates multiple orbital overlaps of the phosphate group, e.g. with N597 and
N600 of eEF2 (Figure 1C). The same incompatibilities of pS595 are observed with the
original yeast eEF2-PE complex 3B82 or the human eEF2 structure 3J3A. S595 is part of a
short loop which contains a proline (P596). This loop may undergo structural alterations that
change the orientation of the serine and thereby may permit its phosphorylation. For
example, a structurally compatible trans-cis isomerization of P596 would “flip’ the
orientation of S595, making it accessible on the surface and to phosphate addition (Figure
1D). However, structural alterations as consequence of S595 phosphorylation also disturb
the eEF2-PE interface, which affects complex formation between eEF2 and toxin.

The eEF2 S595 sequence can be phosphorylated by CDK1 and CDK2 and NEK2

To analyze if S595 of eEF2 can become phosphorylated not only by CDK2 (as previously
described, but also by other kinases, peptides containing S595 and flanking eEF2 sequences
were subjected to phosphorylation reactions with different (>200) Ser- and Thr-kinases. The
results of these analyses (Figure 2) confirm phosphorylation of S595 by CDK2/CyclinB1. In
addition, we observed that S595 containing peptides become also phosphorylated by CDK1/
CycA, CDK1/CycB1, CDK1/CycE, and to a lesser degree by NEK2. In agreement with this
observation, the eEF2 sequence flanking S595 matches consensus requirements that make
S595 a substrate of CDK1 (SKSPNKHNR, —1K, +1P, +3K, +4H). No other CDK, and also
none of the other S/T kinases caused significant phosphorylation of the peptides. This
indicates that the S595 sequence of eEF2 is specifically phosphorylated by CDK1 and
CDK2 and to a lesser degree by NEK2.

Diphthamide is required for ADP-ribosylation but not for phosphorylation of eEF2

MCEF-7 cells and MCF7dphlko derivatives carrying homozygous diphthamide synthesis
gene DPH1 knockouts (Stahl et al., 2015a) were analyzed to assess the influence of the
H715 diphthamide on ADP-ribosylation and phosphorylation of eEF2. To analyze ADP-
ribosylation, extracts containing eEF2 with (MCF-7) or without diphthamide
(MCF7dph1ko) were treated with PE or DT using biotinylated NAD as substrate. ADP-
ribosylated eEF2 was detected by enzyme-conjugated streptavidin which binds biotinylated
ADP-ribose attached to diphthamide. Figure 3A demonstrates that eEF2 of parent MCF-7
cells becomes ADP-ribosylated by PE and DT. In contrast, eEF2 of MCF7dphZlko cells is
not ADP-ribosylated. This confirms that eEF2 of homozygous DPH1 knockout cells does
not carry a functional diphthamide (as a prerequisite for toxin-mediated ADP-ribosylation).
To analyze if diphthamide influences serine phosphorylation of eEF2, phosphoserine-
containing proteins were immunoprecipitated from extracts of MCF-7 and MCF7dphlko
cells and subsequently subjected to Western blot analyses with eEF2-specific antibodies.
Figure 3B shows that pSer containing eEF2 is present to the same degree in parent MCF-7
cells as well as in MCF7dph1ko cells. This indicates that diphthamide is required for ADP-
ribosylation of eEF2, but not for serine phosphorylation of eEF2. To analyze if the presence
or absence of diphthamide influences T56 phosphorylation, MCF-7 and MCF7dphZ1ko cells
were treated for 16 h with the EEF2K inducer NH125 (Chen et al., 2011). Thereafter, cell
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extracts were subjected to Western blot for detection of pT56. Figure 3C shows that NH125
induces T56 phosphorylation of eEF2 to the same degree in parent and dphlko MCF-7
which lack diphthamide. This indicates that diphthamide is not required for T56
phosphorylation.

ADP-ribosylation decreases serine phosphorylation of eEF2

To analyze if ADP ribosylation of eEF2 at H715 diphthamide influences serine
phosphorylation of eEF2, we generated cell extracts of untreated MCF7 cells and of cells
treated for 24 h with PE to ADP-ribosylate their eEF2. Additional samples were treated with
NH125 to stimulate eEF2 phosphorylation. Phosphoserine containing proteins were
subsequently immunoprecipitated followed by detection of (pS-containing) eEF2 in Western
blots with eEF2 specific antibodies (Figure 4A). The results of these analyses indicated the
presence of background level of S-phosphorylated eEF2 in cells that were not treated with
toxins. Signals attributable to pSer containing eEF2 increased in MCF7 cells exposed to
NH125. In contrast to that, decreased signals were observed in extracts of MCF7 (wildtype)
cells whose eEF2 became ADP-ribosylated at H715 diphthamide due to toxin exposure.
Extracts of DPH1ko cells whose eEF2 lacked diphthamide and ADP-ribosylation did not
display signal reduction under the same experimental conditions. This indicates that ADP-
ribosylation at H715 diphthamide reduces serine-phosphorylation of eEF2. As S595 is
located adjacent to H715-diphthamide, ADP-ribosylation may directly interfere with S595
phosphorylation.

ADP-ribosylation of H715-diphthamide increases phosphorylation of T56

MCF7 extracts were subjected to Western blot analyses with antibodies that specifically
detect pT56 to evaluate if ADP ribosylation influences only phosphorylation at the adjacent
S595 or also at distant T56 (Figure 4). These analyses demonstrated very low levels of T56
phosphorylation in untreated controls. The EEF2K inducer NH125 increased T56
phosphorylation of eEF2. Treatment with DT or PE induced T56 phosphorylation to the
same degree as exposure to NH125. Phosphorylation to even higher levels was observed
upon co-administration of NH125 and PE or DT. Toxin-induced T56 phosphorylation was
dependent on the presence of diphthamide, as eEF2 from DPH1 knockout cells did not show
increased pT56 signals upon exposure to PE or DT. These results indicate that ADP-
ribosylation stimulates T56 phosphorylation of eEF2.

Alteration of S595 interferes with toxin-mediated ADP-ribosylation

S595 phosphorylation inflicts structural alterations of eEF2 proximal to H715-diphthamide,
this may affect the eEF2-toxin interface and toxin-mediated ADP-ribosylation. Because
experimental determination of the influence of S595 phosphorylation is hampered by rapid
dephosphorylation, eEF2 derivatives were generated that have S595 replaced with alanine,
glutamate or aspartate. The latter mutations carry negative charges to mimic phosphoserine.
An additional eEF2 mutant had H715 replaced by alanine. EEF2-H715A does not carry a
diphthamide and therefore cannot become ADP-ribosylated. In addition to mutations, a HA-
tag was placed upon the C-termini of the wildtype and mutated eEF2 derivatives to enable
separation of recombinant eEF2 from cellular eEF2, and for specific detection of
recombinant eEF2 derivatives. To test if ADP-ribosylation is affected, expression plasmids
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encoding eEF2 and mutants were transfected into MCF7 and total cell extracts prepared 2
days later. To these extracts (containing normal cellular as well as recombinant mutated
eEF2-HA), HA-binding beads and subsequently Bio-NAD and toxin were added to enable
toxin-catalyzed ADP-ribosylation of HA-bound eEF2 (Figure 5A). Recombinant eEF2-HA
was then separated from cellular proteins by HA affinity purification and analyzed by
Western blots. Figure 5B shows that this procedure enables analyses of ADP-ribosylation of
recombinant eEF2 derivatives: HA-Tag and eEF2 detecting Western blot analyses indicate
successful extraction of recombinant eEF2 (positivity for eEF2 and HA antibodies at the
correct size of eEF2). Detection of ADP-ribosylated eEF2 in extracts of cells transfected
with HA-tagged wildtype eEF2 demonstrated that the HA-Tag does not interfere with the
ADP-ribosylation reaction. Extracts of cells that were not treated with toxin, or of toxin-
treated cells that contained the H715A eEF2 mutation (without diphthamide) did not
generate signals for ADP-ribosylated eEF2. Thus, our assay not only shows toxin-mediated
ADP-ribosylation, but also differentiates eEF2 susceptible to ADP-ribosylation from ADPR-
resistant eEF2. This also proves that our preparations are not contaminated to a significant
degree with cell encoded (unmutated) eEF2 as otherwise ADPR-signals would have been
observed in H715A samples.

The analysis of toxin-mediated ADP-ribosylation of the different eEF2 mutants (including
recombinant wildtype and H715A variants as controls) is shown in Figure 5C: signals
obtained with eEF2 and HA-binding antibodies indicated that all recombinant eEF2 variants
were expressed and captured by our procedure to a similar degree. ADP-ribosylated eEF2
was detected in toxin-treated extracts of cells that were transfected with wildtype eEF2-HA,
but not detected in extracts of cells without toxin treatment or in toxin-treated H715A
extracts. Likewise, no evidence for ADP-ribosylation of eEF2 was detectable in toxin treated
extracts of cells that contained the eEF2 mutants S595A, S595D and S595E. This indicates
that exchange of S595 to alanine (S595A), to glutamate (S595E) or to aspartate (S595D)
interfered with ADP-ribosylation of eEF2, even though the mutated eEF2 was present in
sufficient amounts (HA-tag signals) and the ADPR-reaction worked (signal positivity for
HA-tagged wt eEF2). Thus, alterations at the S595 position of eEF2, including those that
mimic S595 phosphorylation interfere with toxin-mediated ADP-ribosylation at H715.

ADP-ribosylation of eEF2 and amino acid deprivation induce similar transcriptional

responses

EEF2K-mediated T56 phosphorylation triggers the amino acid deprivation response
(Leprivier et al., 2013). Gene expression patterns of this stress response are known and
appear to be very similar in different cell types (Shan et al., 2010; Kilberg et al., 2012;
Balasubramanian et al., 2013). We applied genome wide Affymetrix microarray
hybridizations to analyze the transcriptional response of MCF-7 cells after an exposure of 7
h to the catalytic domain of Pseudomonas exotoxin (PE38, Pastan et al., 2006; Hassan et al.,
2016) at 1C50 concentration. This truncated PE derivative without cell binding domain
enters cells nonspecifically which eliminates potential signaling effects of targeted cell
binding. The observed transcriptional response thereby focuses solely on consequences of
the intracellular ADP-ribosylating activity of the toxin. A toxin concentration at 1C5q (5 pm
for PE38) and exposure for 7 h were chosen to allow some time for toxin uptake and
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intracellular activity, yet be sufficiently early to have the cells still adherent and be able to
prepare mRNA of sufficient quality. As controls, cells were exposed (7 h at I1Csp) to toxins
that kill by different mechanisms: cycloheximide (CHX, inhibits tRNA translocation and
protein synthesis), a-amanitin (AMA, inhibits transcription) and geldanamycin (GA,
inhibits protein folding). Principal component analyses (Figure 6A) indicated that cells
respond specifically to different toxins, i.e. elicit different transcriptional responses
corresponding to their different mode of action. A comparison of the individual genes that
become induced upon toxin treatment reveals very little similarities in gene induction
patterns between PE (protein synthesis inhibition), GA (protein folding) and Ama (RNA-Pol
inhibition). Low similarities were also observed when comparing the previously observed
responses to amino acid deprivation (AR) in HEPG2 cells with exposure of MCF7 to GA
(protein folding) and Ama (RNA-Pol inhibition). In contrast, similar gene sets became
induced in MCF7 cells exposed to the protein synthesis inhibitors PE38 and CHX, and this
matched the known gene induction pattern following AR in HEPG2 (Figure 6B, C). The PE-
associated mRNA profile indicated that ADP-ribosylation of eEF2 and toxin mediated
protein synthesis inhibition lead to the induction of genes which represent known pathways,
including ATF3, JUN, FOS, EGR network and associated factors. These stress pathways
(Figure 6B, Table sT2) are also major components of transcription profiles that were
previously described for the amino acid deprivation response (Supplementary Table sT2).

ADP-ribosylation is more stable than phosphorylation of eEF2

Phosphorylation of eEF2 at T56 as well as ADP-ribosylation of eEF2 at diphthamide stall
protein synthesis and elicit similar transcriptional responses, yet eEF2 phosphorylation
triggers pro-survival pathways, while ADP-ribosylation kills. One explanation for this may
be that phosphorylation-mediated arrest of protein synthesis is reversible while ADP-
ribosylation may be irreversible. To compare the stability of the modifications, cell extracts
containing T56-phosphorylated eEF2 were incubated without phosphatase inhibitor at 37°C.
The degree of eEF2 phosphorylation was subsequently determined after a different time of
incubation by Western blot analyses. In a similar manner, eEF2 was ADP-ribosylated by PE
with Bio-NAD as substrate, subsequently incubated in the presence of excess NAD (non-
biotinylated to quench remaining activity of PE in the extract) without addition of any
inhibitor at 37°C. The degree of ADP-ribosylation was determined after different time of
incubation by detection with HRP-streptavidin as described above. The results of these
analyses demonstrate that eEF2 phosphorylation is labile, with signal decreases detectable
already after minutes, and complete loss of detectable eEF2 phosphorylation after 30 min
(Figure 7A). In contrast, ADP-ribosylation is stable: ADP-ribosylated eEF2 was detectable
without signal decrease for several hours (Figure 7B). Thus, one difference between eEF2
phosphorylation- and ADP-ribosylation mediated protein synthesis arrest and stress pathway
induction is the stability of these modifications.

Discussion

The interplay between eEF2 phosphorylation and ADP-ribosylation at H715 diphthamide is
summarized in Figure 8. EEF2 not phosphorylated at T56 is essential for translation
elongation in protein synthesis. Temporary inhibition of this step can be tolerated by cells
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but lasting inhibition is lethal. Diphthamide is conserved in eukaryotes and archaea.
Nevertheless, we observed that it is neither essential for translation (diphthamide deficient
cells are still viable, Supplementary S1) nor required for phosphorylation (Figure 4).
EEF2K-mediated phosphorylation of T56 in response to stress situations incl. starvation
inactivates eEF2 and stalls protein synthesis. EEF2 has a ‘modulator region’ at S595 which
is a substrate for CDK2, and whose phosphorylation stimulates eEF2K-mediated T56
phosphorylation. S595 is also susceptible to phosphorylation by CDK1 (Figure 2).
Interestingly, all available eEF2 structures indicate incompatibilities with S595
phosphorylation: its side chain faces into the protein preventing kinase access and leaving no
space for phosphate attachment. Thus, S595 phosphorylation must be accompanied by
conformational changes, possibly by a cis-trans flip of the adjacent proline 594 (Figure 1).
Conformational changes may also explain that S595 phosphorylation affects eEF2K-
mediated modification at the very distant positioned T56 (>55A between S595 and T56).

S595 is adjacent to H715 diphthamide (Figure 1), the target of ADP-ribosylating toxins such
as DT and PE. Toxin mediated alteration of this ‘modulator region” by ADP-ribosylation
stimulates T56 phosphorylation (Figure 4). ADP-ribosylation of eEF2 also induces
transcriptional responses and pathways that were previously described for eEF2K (i.e. T56
phosphorylation)-mediated starvation responses (Figure 6). Our data cannot differentiate
between T56 phosphorylation and pathway induction being a direct consequence of ADP-
ribosylation in the S595 modulator region, or a consequence of translational arrest due to
ADP-ribosylation. Close proximity of S595 and H715 also explains that ADP-ribosylation at
H715 (i.e. changing the environment of S595) interferes with S595 phosphorylation. Vice
versa, S595 in the interface between eEF2 and toxins is important for ADP-ribosylation:
alterations of S595 by mutations incl. aspartate or glutamate exchanges to mimic serine
phosphorylation interfere with ADP-ribosylation of H715diphthamide (Figure 5).

Interference of eEF2 phosphorylation with toxin-mediated ADP-ribosylation may also
explain observations of apparent ‘re-emergence’ of non-modified diphthamide in cells that
were previously exposed to toxins (Supplementary data S4). S595 phosphorylated eEF2 that
is protected against toxin-mediated modification despite of presence of diphthamide
becomes amenable to ADP-ribosylation upon dephosphorylation.

The effects of T56 phosphorylation and ADP ribosylation appear to be indistinguishable:
inhibition of translational elongation and stalled protein synthesis. Also, both madifications
lead to induction of similar gene sets, predominantly pro-survival pathways associated with
a starvation response. A pT56 arrest that is imposed by eEF2K can be resolved by de-
phosphorylation within minutes (Figure 7). This is in agreement with eEF2K mediated eEF2
inactivation serving as translational ‘emergency break’ under unfavorable conditions
(possibly also in cell cycle stages that may not require protein synthesis). In contrast, ADP-
ribosylation of eEF2 is stable with no evidence for release of this modification. This explains
that ADP-ribosylation imposed by bacterial toxins can kill cells despite of the (futile)
induction of pro-survival pathways.

Eukaryatic cells can counteract ADP-ribosylation and hence become resistant to bacterial
toxins by various mechanisms, including restricting toxin uptake or reducing diphthamide
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synthesis. Ser595 modification may be one additional way by which cells can counteract
ADP-ribosylation of eEF2, because S595 phosphorylation is likely to interfere with the
ADP-ribosylation reaction (Figures 1 and 5). S595 phosphorylation may have ‘evolved’ in
eukaryotic cells not only as a measure against bacterial toxins, but possibly also to
counteract ADP-ribosylation by cellular enzymes. ADP-ribosylating enzymes are activated
in and drive apoptosis and it possible that that phosphorylation modulates eEF2 ADP-
ribosylation at diphthamide by (so far unidentified) cellular enzymes. This ‘resistance
mechanism’ towards ADP-ribosylating toxins/enzymes may not be relevant when sufficient
ADPR-activity is present in cells. As phosphorylation is instable, ADP-ribosylation will
shift the equilibrium towards irreversible eEF2 inactivation over time. On the other hand, the
kinetics of ADP-ribosylation of eEF2 may be affected by S595 modification, in particular
when intracellular ADP-ribosylating activity is limited.

Materials and methods

Identification of kinases that phosphorylate the S595 containing sequence of eEF2

A radiometric protein kinase assay (PanQinase Activity Assay) were applied by ProQinase
GmbH (Freiburg, Germany) for measuring the kinase activity of the 229 Ser/Thr kinases;
sample preparation and assay details are described in Supplementary data S2.

MCF-7 cells with homozygous knockouts of the diphthamide synthesis gene DPH1

Generation of MCF7 cells and derivatives with inactivated DPH1 genes has been previously
described details are provided in the Supplementary data S1 section.

Detection of eEF2-diphthamide and of ADP-ribosylated eEF2

EEF2 with and without diphthamide was differentiated by Western blots with antibodies that
either detect eEF2 irrespective of diphthamide content, or with antibodies that specifically
detect eEF2 without diphthamide as described by Stahl et al. (2015b). ADP-ribosylation at
H715 was analyzed in extracts of MCF7 and MCF7dph1ko cells exposed to PE and
biotinylated NAD in a Western-blot like procedure, detecting ADP-ribosylated eEF2 by
enzyme-conjugated streptavidin as previously described (Mayer et al., 2017): 30 ug of whole
cell lysate cell lysate was incubated with 100 ng of Pseudomonas exotoxin A in ADP
ribosylation buffer [20 mm Tris-HCI (pH 7.4), 1 mm EDTA, and 50 mm DTT] and 5 mm 6-
biotin-17-NAD (Trevigen, Gaithersburg, MD, USA) in a final volume of 20 pl for 60 min at
25°C. Samples were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Western blotting with streptavidin HRP conjugate (Roche, Basel,
Switzerland) to detect biotin-ADP ribose-EF2. For determining the stability of ADP
ribosylation of EF2, cell lysates from WT MCF7 treated overnight with toxin were kept at
room temperature for 1 h, 2 h, 4 h, 6 h or 8 h before performing the ADP ribosylation assay
of eEF2.

Detection of phosphorylated eEF2

Serine phosphorylation was analyzed by immunoprecipiation of phosphoserine-containing
proteins from extracts of MCF-7 and MCF7dphZ1ko cells, followed by detecting eEF2 in the
IPs by Western blots with anti-eEF2 antibodies. Phosphorylation of T56 was analyzed by
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treating MCF-7 and MCF7dph1ko cells for 16 h with (or without) NH125 followed by
Western blot analyses of cell extracts with an anti-phosphoT56 antibody. Therefore, sub-
confluent cell cultures were lysed in RIPA buffer 50 mm Tris-HCI [(pH 7.5), 150 mm NacCl,
0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100] supplemented with protease and
phosphatase inhibitors. Total protein was quantified by the Bradford dye-binding procedure
(or whatever else). Immunoprecipitation was performed by using Protein G-Agarose
(Roche), according to the manufacturer’s instructions. Briefly, for each sample 250 pg total
lysate protein was pre-cleared with Protein G-Agarose (Roche) before incubation with 2 ug
anti-phospho Serine antibody (Millipore, Burlington, MA, USA). Immunocomplexes were
precipitated by addition of Protein G-Agarose and immunoprecipitated proteins were
separated on SDS-PAGE. Antibodies applied bound EF-2 (H118, Santa Cruz, Dallas, TX,
USA), phospho-T56 EF-2 (Cell Signaling, Leiden, the Netherlands) and Tubulin (Sigma, St.
Louis, MO, USA) and were detected with Lumi-Light Western Blotting Substrate (Roche,
Basel, Switzerland).

eEF2 derivatives with S595 mutations and analysis of eEF2 variants

Plasmids (pCDNA3 derivatives) for CMV-promoter driven expression encoded recombinant
eEF2 and variants. Those had S595 replaced with alanine, glutamate or aspartate, or H715
replaced by alanine. A HA-tag was placed upon the C-termini of the wildtype and mutated
eEF2 derivatives to enable separation of recombinant eEF2 from cellular eEF2. Expression
plasmids were transfected into MCF7, total cell extracts prepared 2 days later, from which
recombinant eEF2-HA was isolated by HA-binding beads. To evaluate if variants are still
toxin substrates, Bio-NAD and toxin were added to enable toxin-catalyzed ADP-ribosylation
of HA-bound eEF2. Recombinant eEF2-HA was then separated from cellular proteins by
HA absorption and analyzed by Western blots and ADPR assays (details in Supplementary
data S3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Structure model of human eEF2.

(A) The model was generated by humanizing the X-ray structure PDB:3B82 (complex of
Saccharomyces cerevisiae eEF2, PE and NAD+). None of the amino acid changes
implemented to humanize generated structural incompatibilities in proximity to the
phosphorylation sites at T56 and S595, or close to H715 and diphthamide. We observed a
discrepancy in position designation between sequence files and literature with T56 actually
being position 57 in the sequence. For unambiguous identification, we call T56 the amino
acid that is underlined in the sequence stretch AGETRFTDTR of eEF2. (B) Human eEF2
complex with Pseudomonas exotoxin A. PDB:3B82 was humanized as described in (A). The
protein surface that interacts with PE is identical between human and yeast. (C)
Phosphorylation of S595 is incompatible with the human eEF2 model and other eEF2
structures. S595 faces inwards and is therefore not accessible to kinases. An attached
phosphate would clash with N597 and N600. (D) Trans to cis isomerization of P596 ‘flips’
the S595 containing loop and thereby directs S595 to the surface of eEF2. The flip was
modeled by superimposing a cis-trans peptide ‘Gly-Pro” from the structure 4ICB,
subsequently placing pS according to the cis-pep coordinates. This alters the orientation of
S595 but not the remainder of the structure. In this orientation, S595 would be accessible to
kinases and phosphorylation is structurally compatible. However, cis-pS595 extends into and
hence disturbs the interface of eEF2 and PE.
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Figure 2:
Phosphorylation of S595 containing peptides by CDK1, CDK2 and NEK2.

(A) Peptides that comprise the S595 region are displayed in the structural context of eEF2.
Pepl is linear, pep2 and 3 constrained by disulfides to support a loop. (B) To identify S/T
kinases that phosphorylate the peptides, a kinase screen encompassing phosphorylation
assays with all three peptides on 200 known S/T kinases was performed (ProQinase screen,
details in Supplementary Data S2). As reaction buffers contained reducing agents, peptides
may have become linearized in those assays. Signals above background were observed only
for CDK1, CDK2 and NEK?2 but not for any other kinase (shown exemplarily for peptide 2,
complete data set in Supplementary Data S2).
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Figure 3:
Diphthamide is necessary for eEF2 ADP-ribosylation but not phosphorylation.

(A) Upper panel: ADP-ribosylation at H715 was analyzed in extracts of MCF7 and
MCF7dph1ko cells exposed to PE and biotinylated NAD. ADP-ribosylated eEF2 was
detected by enzyme-conjugated streptavidin which binds bio-ADP-ribose attached to eEF2.
EEF2 of parent MCF-7 becomes ADP-ribosylated but eEF2 of MCF7dph1ko cells is not
ADP-ribosylated due to lack of diphthamide. Lower panel: DPH1ko cells harbor eEF2
without diphthamide and hence can be detected by an antibody that specifically binds eEF2
without diphthamide. (B) Serine phosphorylation was analyzed by immunoprecipiation (IP)
of phosphoserine-containing proteins from extracts of MCF-7 and MCF7dph1ko cells,
followed by detecting eEF2 in the IPs by Western Blots with anti-eEF2 antibodies. (C)
Phosphorylation of T56 was analyzed by treating MCF-7 and MCF7dphlko cells for 16h
with NH125 (19) followed by Western blot analyses of cell extracts with an anti-
phosphoT56 antibody. Comparison of MCF7 and MCF7dph1ko cells reveals no difference
in pSer or NH125 induced T56 phosphorylation. Thus, diphthamide is not required for eEF2
phosphorylation.
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ADP-ribosylation decreases serine phosphorylation and increases threonine-56
phosphorylation.

(A) Serine phosphorylation: Diphthamide-containing MCF-7 cells exposed to PE contain
ADP-ribosylated H715 in close proximity to S595. This reduces phosophoserine-eEF2
signals (pS eEF2-assay as described in Figure 3). Phosphoserine-eEF2 signals did not
decrease in toxin-treated DPH1ko cells. (B and C) T56 phosphorylation: Western blot
analyses (pT56eEF2-assay as described in Figure 3) detect pT56 upon treatment of MCF-7
with NH125. T56 phosphorylation is also induced by treatment with ADP-ribosylating
toxins PE and DT. DPH1ko cells did not induce T56 phosphorylation upon toxin exposure
but phosphorylated T56 in response to NH125.
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S595 alteration affects ADP-ribosylation of eEF2.
(A) EEF2 containing a HA-tag was expressed in MCF7 cells, subsequently captured on
beads, exposed to toxin and Bio-NAD and thereafter separated from cellular eEF2 via

isolation of the (magnetic) beads and analyzed by Western blots to evaluate ADP-
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ribosylation. Anti-eEF2 and anti-HA blots demonstrate presence of recombinant eEF2 in all
samples, but only wildtype eEF2 becomes ADP-ribosylated upon toxin exposure. The
H715A mutated eEF2 does not show signals associated with ADP-ribosylation as it lacks
diphthamide. (B) Analyses of S595 mutants show that altering S595 by replacing it with
alanine, glutamate or aspartate interferes with toxin-mediated ADP ribosylation.
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Figure®6:
ADP-ribosylation of eEF2 induces starvation response pathway genes.

(A) Principal component analysis of transcriptional responses of MCF-7 exposed for 7 h to
I1Csq concentration of truncated Pseudomonas exotoxin (PE), geldanamycin (GA),
cycloheximide (CHX) or a-amanitin (AMA). Clear differentiation of the responses is
indicated for toxins with different mode of action. PE and CHX which both inhibit
translation appear similar. (B) Exposure of MCF-7 to PE induces a transcriptional response
and pathways similar to those observed in amino acid restriction responses. The ingenuity
plot summarizes pathway relations of the genes that are induced by PE in MCF-7, as well as
in HepG2 upon amino acid deprivation (see Supplementary Table sT2 for a complete list).
(C) Genes that are induced 7 h after exposure of MCF7 cells to ICgq concentrations of
truncated Pseudomonas exotoxin (PE), geldanamycin (GA), cycloheximide (CHX) or a-
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amanitin (AMA). AR* is a gene set which is upregulated in starved HepG2 cells (21). Note
the dissimilarity between PE vs. GA and Ama in MCF-7, and the similarity between the
protein synthesis inhibitors PE and CHX with A.
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Figure 7:
Phosphorylation of eEF2 is instable while ADP-ribosylation is stable.

(A) MCFT cells were treated with NH125 to stimulate NT56 phosphorylation. Extracts
without phosphatase inhibitors were kept for the indicated time at 37°C. Detection of pT56
eEF2 demonstrates that eEF2 de-phosphorylates within minutes. (B) MCF7 cell extracts
were treated with PE and Bio-NAD and subsequently subjected to a chase with non-
biotinylated NAD and incubated for the indicated time at 37°C. (*) Chase with 20-fold
excess non-labeled NAD blocks toxin-mediated incorporation of bio-NAD as shown in the
sample which received non-labeled NAD first followed by bio-NAD 1 h later. ADP-
ribosylation followed by NAD-chase and detection of Bio-ADP coupled to eEF2
demonstrates that ADP-ribosylation of eEF2 remains stable for hours.
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Figure8:
Interplay between phosphorylation and ADP-ribosylation of eEF2.

(a) The interaction scheme bases on previously described responses to eEF2K-mediated T56
phosphorylation (1-5), (b) CDK2-mediated S595 phosphorylation (6) and (c) toxin-
mediated H715 ADP-ribosylation (7-9, 17, 18, 24-29). We added results from the kinase
screen (d, Figure 2), S595 mutagenesis (e, Figure 5), ADP-ribosylation and phosphorylation
analyses (f, Figure 4), transcriptional profiling (g, Figure 6), and stability experiments (h,
Figure 7) in MCF7 cells (Wei et al., 2012, 2013; Hu et al., 2013; Pasetto et al., 2015).
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