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A B S T R A C T

The diphthamide modification of translation elongation factor 2 is highly conserved in eukaryotes and ar-
chaebacteria. Nevertheless, cells lacking diphthamide can carry out protein synthesis and are viable. We have
analyzed the phenotypes of diphthamide deficient cells and found that diphthamide deficiency reduces sele-
nocysteine incorporation into selenoproteins. Additional phenotypes resulting from diphthamide deficiency
include altered tRNA-synthetase and selenoprotein transcript levels, hypersensitivity to oxidative stress and
increased selenite tolerance. Diphthamide-eEF2 occupies the aminoacyl-tRNA translocation site at which UGA
either stalls translation or decodes selenocysteine. Its position is in close proximity and mutually exclusive to the
ribosomal binding site of release/recycling factor ABCE1, which harbors a redox-sensitive Fe-S cluster and, like
diphthamide, is present in eukaryotes and archaea but not in eubacteria. Involvement of diphthamide in UGA-
SECIS decoding may explain deregulated selenoprotein expression and as a consequence oxidative stress, NFkB
activation and selenite tolerance in diphthamide deficient cells.

1. Introduction

The post-translational diphthamide modification of eukaryotic
translation elongation factor eEF2 is highly conserved in eukaryotes as
well as in the archaeal eEF2 counterpart [1–5]. It consists of a histidine
in elongation factor 2 (His 715 in human eEF2), modified by the concert
action of diphthamide synthesis enzymes encoded by DPH genes
DPH1–7 in humans, [6–12]. High conservation of diphthamide and
-synthesis genes would suggest that this modification may be rather
important for eEF2 functionality and hence for protein synthesis. Re-
ports indicate that it contributes to translation fidelity and avoidance of
frameshifting during elongation [13–16], as well as IRES-dependent
translation events [41]. Because diphthamide deficient cells are viable
[17], lack of diphthamide does not generally affect the synthesis and
function of proteins essential for metabolism, propagation and re-
plication of cells.
We have recently generated a set of MCF7 derivatives which lack

diphthamide as consequence of gene editing inflicted destruction of
individual DPH genes [12,17]. All copies of the DPH1 gene were in-
activated in MCF7-DPH1ko, all copies of DPH2 in MCF7-DPH2ko, of
DPH4 in MCF7-DPH4ko, and of DPH5 in MCF7-DPH5ko. Because
diphthamide deficiency is inflicted by knockout of different genes, this
set of cell lines can be applied to address the function of diphthamide by
itself: phenotypes that are common among all these cell lines are at-
tributable to diphthamide deficiency itself and not to potential other
functionalities of the different inactivated individual genes.
One common observation in all these cell lines was resistance to

Diphtheria and Pseudomonas toxin, an expected phenotype as diph-
thamide is the molecular target of toxin-mediated eEF2 inactivation. In
addition, all diphthamide deficient cell lines had NFkB pathway genes
activated (without active stress-trigger) and all were hypersensitive to
TNF. TNF hypersensitivity is probably due to NFkB pathway activation,
but the underlying reason for diphthamide mediated modulation of
NFkB activity is still unexplained [17].
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Diphthamide is part of the translation elongation factor eEF2.
‘Occam's razor’ (simplest explanation most likely being the right one)
would therefore imply effects on protein translation as likely explana-
tion for diphthamide deficiency associated phenotypes. Because overall
protein synthesis and generation of proteins essential for cell growth
was not affected by diphthamide deficiency, we considered the possi-
bility that expression of only certain proteins or of a subset of ‘special’
proteins is affected by diphthamide deficiency. Such proteins would not
be essential for general growth, survival and propagation, yet (as that is
a phenotype of lack of diphthamide) nevertheless be involved in NFkB
signaling.
Selenocysteine containing proteins are a small group of proteins

whose translation involves a special incorporation process at the elon-
gation-vs-termination decision point [18–23]. Their mRNAs harbor
UGA codons which are not recognized as termination signals but in-
stead decoded as selenocysteine, dependent on presence of 3′UTR-
SECIS elements. Most selenoproteins are involved in redox-processes to
manage or detoxify oxidative stress [21–23] and oxidative stress is a
known trigger of NFkB activation [24–26]. Therefore, we have analyzed
if diphthamide deficiency influences the expression of selenoproteins
and if it affects (as downstream consequence) cellular sensitivity to-
wards oxidative stress.

2. Results

2.1. Diphthamide deficiency affects transcript levels of cytoplasmic amino-
acid tRNA-synthetase genes and of genes that encode selenoproteins

A common phenotype of cells carrying DPH gene knockouts re-
sulting in lack of diphthamide is induction of NFkB pathway-associated
genes under normal growth conditions. This phenotype correlates with
TNF hypersensitivity due to NFkB triggered induction of TNF-sensitivity
genes [17]. The underlying reason for the association of diphthamide
deficiency with NFkB activity, however, is still unexplained. Diphtha-
mide is part of the essential translation elongation factor eEF2, yet its
deficiency does not interfere with overall protein synthesis. Diphtha-
mide may, however, play a role in regulating translation. NFkB in-
duction would be a consequence of direct or indirect modulation of
protein synthesis in diphthamide deficient cells. Evidence that diph-
thamide deficiency affects some aspects of protein synthesis is provided
by transcriptional profiling of different DPH-knockout derivatives in
comparison to parent MCF7 cells. Table 1A shows that the transcript
levels of nuclear encoded cytoplasmic tRNA-synthetases are changed
significantly. Alteration of tRNA-synthetase transcript levels was ob-
served in all analyzed diphthamide deficient cell lines (DPH1, DPH2,
DPH4 or DPH5). We found changes in> 50% of the synthetases that
charge cytoplasmic tRNAs (i.e. those that utilize eEF2 for incorporation
by 80 S ribosomes). The general pool of tRNA-synthetases for eEF2-in-
dependent mitochondrial protein synthesis was not affected when
compared to overall transcriptional changes (the only mito-synthetase
affected was prolyl-tRNA synthetase). Also, the levels of tRNA-synthe-
tase pseudogene transcripts were not changed. In summary, diphtha-
mide deficiency triggers changes in transcript levels of those tRNA-
synthetases that utilize diphthamide-eEF2 for chain elongation.
Another set of genes whose mRNA levels change in diphthamide

deficient cells encode selenoproteins (Table 1B): mRNA levels for 7 out
of 23 selenoproteins were altered in DPH1ko cells, 8 were altered in
DPH2ko cells, 5 were altered in DPH4ko cells and 9 were altered in
DPH5ko cells. Thus, diphthamide deficiency changes the transcript le-
vels of a large portion of selenoproteins.

2.2. Diphthamide deficiency affects the translation of selenocysteine
containing proteins

Because diphthamide is not part of the transcriptional machinery,
altered selenoprotein transcript levels in diphthamide deficient cells

may be a feedback/compensation in response to altered selenoprotein
translation. Selenocysteine is incorporated at UGA codons of mRNAs
that carry SECIS elements in their 3′ untranslated region. We expressed
UGA-selenocysteine containing cDNAs accompanied by 3′ SECIS se-
quences in parent MCF7 and DPH1ko cells and compared their trans-
lation products. Fig. 1 shows Western blot analyses of deiodinase 1
(Dio1) protein [27] in extracts of MCF7 cells, and in DPH1ko cells that
lack diphthamide. Dio1 is composed of 249 amino acids with a sele-
nocysteine at position 126. Termination at that position generates a
~15 kDa truncated protein; successful selenocysteine incorporation
results in a ~30 kDa full length protein. To facilitate detection of full
length Dio1, we have added a His6 tag to its C-terminus, only full length
Dio1 carries this tag (Fig. 1A). Detection of full length Dio1 via His6-
binding antibody (Fig. 1B) indicates that full length Dio1 translation is
strictly dependent on presence of the SECIS element. Cells carrying
constructs without SECIS do not produce His-tagged Dio1. A compar-
ison of the levels of expressed Dio1-His6 revealed higher levels of full
length Dio1 in parent MCF7 compared to DPH1ko cells. Fig. 1C shows
additional Western blots that were probed with antibodies that detect
full length as well as truncated Dio1 protein. Polyclonal antibodies from
two different sources revealed differences in Dio1 protein content and
composition between parent MCF7 and DPH1ko cells. The 30 kDa Dio1
protein band corresponding in size to full length protein was more
pronounced in extracts of MCF7 cells than in DPH1ko extracts and the
15 kDa Dio1 fragment (indicative of premature termination at SeCys-
UGA) was more pronounced in DPH1ko than in parent cells.
To confirm the influence of diphthamide on selenoprotein expres-

sion, we compared the expression of a different selenoprotein in MCF7
and DPH1ko cells. SelenoMabs are antibody derivatives that contain in
their mRNA an UGA codon and 3'SECIS for selenocysteine incorpora-
tion, for site-directed payload attachment, [28,29]. SelenoMabs are
secreted into culture supernatants and can be purified by protein A
-chromatography. This allowed us to assess and quantify selenocysteine
incorporation on purified protein samples. Fig. 2A shows the compo-
sition of the SelenoMab and of the expression cassettes used for its
production. Selenocysteine-UGA is positioned at the C-terminus of the
L-chain, followed by a His6 stretch and the 3′-SECIS element of human
Dio1 mRNA. Reading UGA at this position as ‘stop’ generates a normal
IgG, selenocysteine incorporation generates a SeCys-His6 extended
antibody. Both antibody forms (irrespective of presence or absence of
His6) are secreted into medium from which they were purified by
proteinA and subsequently quantified (Fig. 2). Total IgG protein can
subsequently be separated via NiNTA-chromatography into a ‘normal
IgG’ fraction (UGA is read as ‘stop’, protein does not bind to NiNTA) and
a fraction with His6 extension (captured on NiNTA).
Quantification of total IgG and individual fractions revealed that

MCF7 as well as DPH1ko cells produced similar amounts of total IgG.
This confirms that overall protein synthesis is not significantly affected
in diphthamide deficient cells. A comparison of the relative content of
normal and His6 extended IgG showed that in parent MCF7 cells ap-
proximately 4% of total IgG had the UGA codon decoded followed by
His6. This ratio of read-through vs stop is similar in order of magnitude
as previously reported for SelenoMabs (approx.10% in systems opti-
mized for expression, [29]. In contrast to that, DPH1ko cells (despite
expressing the same overall amount of IgG) contained almost ex-
clusively IgG terminated at UGA. Less than 1% of the total IgG con-
tained His6. Thus, diphthamide deficient cells decode selenocysteine
codons (UGA-SECIS) less efficient than parent MCF7 cells. Reduced
production of full length Dio1 and reduced selenocysteine-UGA read-
through of SelenoMabs in diphthamide deficient cells indicates that
diphthamide plays a role in the ‘special’ translation of selenoproteins.
To determine if diphthamide deficiency affects chromosome en-

coded selenoprotein transcripts, we analyzed chromosome encoded
selenoprotein P (SELENOP, SEPP1) secreted into supernatants of MCF7
cells and of DPHko derivatives. SELENOP harbors multiple selenocys-
teins as well as an oligoHis stretch. The latter enables enrichment of full
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