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The diphthamide modification of eukaryotic translation elongation factor
(eEF2) is important for accurate protein synthesis. While the enzymes for
diphthamide synthesis are known, coordination of eEF2 synthesis with the
diphthamide modification to maintain only modified eEF2 is unknown. Physi-
cal and genetic interactions extracted from BioGRID show a connection
between diphthamide synthesis enzymes and chaperones in yeast. This
includes the Hsp90 co-chaperones Hghl and Cpr7. The respective
co-chaperone deletion strains contained eEF2 without diphthamide. Notably,
strains deficient in other co-chaperones showed no defect in the
eEF2-diphthamide modification. Our results demonstrate that diphthamide
synthesis involves not only Dph enzymes but also the eEF2-interacting
co-chaperones Hghl and Cpr7 and may thus require a conformational state
of eEF2 which is maintained by specific (co-)chaperones.
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Diphthamide on eukaryotic translation elongation fac-
tor 2 (eEF2) is important for accurate protein synthe-
sis [1-3]. Ribosomes that harbor eEF2 without
diphthamide can generate mistranslated proteins due
to higher incidences of —1 translational frameshifts
[4-6]. Biological consequences of diphthamide defi-
ciency include cellular stress responses, developmental
defects in humans, and complete absence of diphtha-
mide is embryonal/perinatal lethal in mice [7-14].

The diphthamide modification and its synthesis
pathway are conserved in eukaryotes. At least 7 pro-
teins (Dphl-Dph7 + Dph8 in yeast) are necessary to
synthesize diphthamide on His715 of human eEF2 or

Abbreviations

His699 of yeast eEF2 [2,15-17]. This synthesis path-
way covers four successive enzymatic steps with eEF2-
ACP, -CH3 diphthine and -diphthine as reaction inter-
mediates, and eEF2-diphthamide as the final product.
The expression of eEF2 depends on growth condi-
tions and the metabolic state of the cell, and eEF2
expression levels can therefore be variable. But despite
variable eEF2 expression levels and the complex
diphthamide synthesis pathway, relevant amounts of
unmodified or partially modified eEF2 intermediates
are not observed in cells [1,9]. This suggests that the
diphthamide modification on eEF2 occurs in a con-
trolled manner, and/or is synchronized with de novo

ACP, 3-amino-3-carboxypropyl group; CCT/TriC, T-complex protein Ring Complex; DPH1-8, protein/enzyme necessary for diphthamide syn-
thesis 1-8; eEF2, eukaryotic translation elongation factor 2; HSP, heat shock protein.
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synthesis of eEF2, preventing the release of unmodified
or partially modified eEF2.

Nascent and/or partially unfolded eEF2 has been
shown to interact with the co-chaperones Cnsl, Hghl,
and Cpr7 with a link to the chaperones Hsp90 and
CCT/TriC, which enable the proper folding and/or sta-
bilization of eEF2 [18,19]. This raised the question,
whether and how the synthesis of diphthamide on eEF2
is integrated in this scenario. Specifically, we explored
the possibility that eEF2-client co-chaperones may con-
tribute to the diphthamide modification of eEF2.

To address this possibility, we extracted interaction
networks between yeast chaperones and diphthamide
synthesis factors from the BioGRID database [20] and
analyzed to what degree eEF2-related chaperones
affect diphthamide synthesis. We show that yeast
strains which lack the eEF2-related chaperones Hghl
and Cpr7 exhibit deficiencies in the diphthamide modi-
fication as they contain unmodified eEF2. Thus, chap-
erones that ensure the folding and structural integrity
of eEF2 also support its decoration by diphthamide.
This suggests a link between the chaperone and
diphthamide synthesis machineries, which together
produce correctly folded diphthamide-modified eEF2.

Materials and methods

Database analyses

The BioGRID database (https://thebiogrid.org/) compiles
published physical interactions (affinity capture-MS or—
Western, complexes, 2-hybrid) as well as genetic interactions
(negative genetics, synthetic growth defects) of individual
proteins/genes to each other [20]. To extract interactions,
Protein/gene identifiers for diphthamide synthesis factors,
eEF2 and chaperones were submitted to the Saccharomyces
cerevisiae or Homo sapiens data collections in October 2024,
noting numbers of individual interactors and links between
the diphthamide synthesis pathway and chaperones.

Yeast strains and assessment of their sensitivity
to hygromyecin, sordarin, and diphtheria toxin

BY4741 WT and—derivatives that lack co/chaperones or
diphthamide synthesis genes were obtained from the Euro-
scarf collection distributed by Scientific Research and
Development GmbH (Oberursel, Germany, Table S4)
and cultivated using standard techniques. Hygromycin and
sordarin sensitivity assays were performed by spotting and
incubating 10-fold serial dilutions of the strains for 2-—
4 days at 30 °C on YPD media plates lacking or containing
hygromycin or sordarin. Diphtheria toxin sensitivity was
similarly tested by inducing expression of the cytotoxic
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ADP-ribosylase domain of DT from the galactose-inducible
vector pSU9 on synthetic media lacking uracil, as previ-
ously described [1,11,12].

Detection of eEF2 with and without diphthamide
modification

To detect the presence of unmodified eEF2, total cell protein
samples were subjected to reducing SDS/PAGE and ana-
lyzed by western blotting using an anti-EF2 (no diphtha-
mide) antibody that specifically detects unmodified eEF2,
anti-EF2(pan) antibody that binds eEF2 irrespective of its
modification, and an anti-Cdc19 antibody (loading control)
as described before [1,9,21]. For comparison of eEF2 levels
in different strains, the western blot signals were quantified
using IMAGEJ [22]. The signal ratio of anti-eEF2(pan) to anti-
Cdc19 of the parent strain was set to 100% and the signal
ratio %-values observed for the other strains were calculated
relative to that. The presence of diphthamide-modified eEF2
was analyzed by ADP-ribosylation (ADPR) assays. Diphthe-
ria toxin (DT) targets exclusively diphthamide-modified
eEF2 and accepts biotinylated NAD (bio-NAD) as
ADP-donor for ADPR. Reactions with DT and bio-NAD
thus generate biotinylated eEF2 which is detected in western
blots with labeled streptavidin as previously described [1,23].

Results

Physical and genetic links of diphthamide
synthesis factors and chaperone networks

Conversion of nascent eEF2 to full functionality
requires proper folding and diphthamide modification.
It has been demonstrated recently that eEF2 folding
involves a network of chaperones [18,19], and diphtha-
mide modification requires the coordinated activity of a
set of diphthamide synthesis enzymes [2,15,16]. Because
barely any unmodified or intermediate-carrying eEF2 is
observed in cells, we hypothesized that both machineries
may be linked to each other.

To address that question, we extracted from the Bio-
GRID database ([20], as of October 2024) physical
interactions (affinity capture-MS or—Western, com-
plexes, 2-hybrid) as well as genetic interactions (nega-
tive genetics, synthetic growth defects) between
chaperones, eEF2 and diphthamide synthesis enzymes
(Dph) in yeast (Fig. 1 and Table S1).

As expected, the results reveal physical contacts of
several Dph enzymes to eEF2 and to each other: eEF2
is physically linked with all Dph enzymes except for
Jjj3/Dph4. Dphl, Dph2, and Dph3 are linked to each
other, and Dph3 additionally interacts with Dph8.
These links agree well with structural data and our
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current knowledge about the diphthamide synthesis
pathway [15,16].

Physical interactions also exist between the eEF2/Dph
network and chaperones. eEF2 and Dph2 are each
reported to be physically linked to the Hsp70 isoforms
Ssal and Ssa4. Dphl and Dph5 and eEF2 are each linked
to yeast Hsp90 and the CCT/TRiC subunit Cct3. The
general (not client specific) chaperone Ssb2, which is con-
nected via the ribosome-bound RAC complex to nascent
proteins [24,25], appears to be a pronounced physical
interactor between chaperones and the diphthamide syn-
thesis machinery. It is physically connected to eEF2
(Dph-substrate), Dphl (1st step of diphthamide synthe-
sis), Dph5 (2nd step), Dph7 (3rd step), and Dph6 (4th
final step). Interestingly, its closely related paralog Ssbl
does not reveal any links to Dph proteins or the diphtha-
mide synthesis network in BioGRID.

Genetic interactions show additional relations
between e¢EF2, Dph enzymes, and co-chaperones
(Fig. 1B). Dph proteins connect not only to eEF2 and
other Dph’s (and ‘general’ chaperones that are predomi-
nant in the physical interactions above, Fig. 1A), but
also to a set of special co-chaperones. These include
Hghl and Cpr7, which together with yeast
Hsc90/Hsp90, support the folding of eEF2 [18,19].
Hghl is linked to Dphl and Dph2, Cpr7 is linked to
Eft2, Dph2, Dph5, Dph6, and yeast Hsc90 to Eft2,
Dph6, Dph7, and Dph8. Most of those chaperones are
also part of a network of physical links between each
other (Fig. 1C).

The combined data of many physical and genetic
interaction experiments compiled in BioGRID thus
provide evidence for a link between the diphthamide
synthesis pathway and chaperones.

HGH1 and CPR7 gene deletion strains contain
eEF2 pools without diphthamide

Hghl and Cpr7 are co-chaperones that form a complex
with nascent eEF2, which during its synthesis exits the
ribosome without carrying the diphthamide modifica-
tion [18,19]. To analyze if specific co-chaperones influ-
ence the synthesis of diphthamide, we assessed the
presence or absence of unmodified eEF2 in wild-type
and yeast knock out strains with antibodies that detect
either total eEF2, or eEF2 without the diphthamide
modification [1,9]. As previously reported, western blots
(WB, Fig. 2) show that in the wild-type strain,
diphthamide-modified eEF2 was readily detected while
only background signals were found for unmodified
eEF2. Next, we tested how the deletion of seven differ-
ent co-chaperones affects the diphthamide modification
state of eEF2. We chose Stil for which the BioGRID
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database reveals synthetic negative phenotypes when
combined with CPR7 or HGHI gene deletions, Cprl
and Cpr6 which are potentially redundant homologs to
Cpr7, as well as Apjl, Ahal, Snll, and Sbal (Table S2).
While we observed some reductions in panEF2 signals
which may indicate an effect of those enzymes on eEF2
levels (Fig. 2), changes in the levels of diphthamide-
modified eEF2 were not observed in those strains. Thus,
these co-chaperones are not essential for diphthamide
synthesis. However, the situation was different for the
co-chaperones Hghl and Cpr7. HGHI and CPR?7 dele-
tion strains showed reduced levels of eEF2 (quantifica-
tion in Fig. 2), confirming previous observations [18,19].
And importantly, in these mutant backgrounds addi-
tional signals for unmodified eEF2 were detected with
intensities similar to those observed in bona fide
diphthamide null mutants dphlA and jjj3/dph4A [1].
Because the antibody specifically recognizes unmodified
eEF2 but not intermediates [9], yeast strains deficient in
Hghl and Cpr7, appear to harbor ‘naked’ eEF2, which
indicates a deficiency in the Ist step of diphthamide
synthesis.

Together with the lack of an effect on diphthamide
synthesis observed for all the other co-chaperones
tested, we conclude that the defect observed for hghlA
and c¢pr7A strains is not a consequence of general
interference with chaperone machineries but reflects a
specific function in the modification of eEF2 with
diphthamide.

The results show that strains lacking either Hghl or
Cpr7 harbor unmodified eEF2. But our antibody
detects just unmodified eEF2 and the WB analysis
hence lacks a diphthamide-specific probe. We therefore
additionally subjected hghlA and cpr7A strains to
ADP-ribosylation (ADPR) assays that base on the spec-
ificity of diphtheria toxin to modify (and thereby label)
exclusively diphthamide-modified eEF2 [23]. The results
of these assays (Fig. 3) show a positive ADPR reaction
with eEF2 for the wild-type strain and a lack of signal
for the diphthamide null mutants dphlA and jjj3/dph4A.
As for the null mutants hghlA and cpr7A, reduced
ADPR signals on eEF2 were observed. Together, the
western blot and ADPR assays thus indicate that hghlA
and cpr7A strains harbor unmodified eEF2 as well as
diphthamide-modified eEF2. Therefore, interference
with eEF2 chaperoning reduces but does not completely
abrogate diphthamide synthesis.

HGH1 and CPR7 gene deletion strains are
hygromycin and sordarin hypersensitive

Known phenotypes of yeast strains that are completely
deficient in diphthamide synthesis via inactivation of
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Fig. 1. Physical and genetic links of diphthamide synthesis factors and chaperones extracted from the BioGRID database ([20]) (A) Physical
and (B) genetic links between the eEF2/Dph network and chaperones. Black lines in (A) and (B) reflect links between proteins of the core
diphthamide synthesis machinery, blue links of those to the chaperone network, broken lines indicate physical or genetic links between just
eEF2 and chaperones, which however are not connected to diphthamide synthesis proteins. (C) Physical links between eEF2-associated
chaperones. In (C), black circles and lines indicate co-chaperones with direct physical links to Dph proteins (see panel A), blue indicates
physically linked co-chaperones that are not direct Dph-binding partners. Individual links are summarized in Table S1.
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Fig. 2. Detection of eEF2 diphthamide modification in yeast Hgh1 and Cpr7 deficient strains and control strains: Cell extracts of parent wild-
type BY4741 and indicated yeast deletion strains were subjected to reducing SDS/PAGE/western blot analyses (see Materials and methods
section) with antibodies that specifically detect eEF2 irrespective of modification status (anti-eEF2 pan, top panel) or specifically unmodified
eEF2 (anti-eEF2 no diphthamide, middle panel). Detection of pyruvate kinase Cdc19 served as loading control (anti-Cdc19, bottom panel).
Data shown are representative of more than three independent western blot analyses with similar results Quantification of total eEF2 levels
is indicated below the anti-eEF2 pan blot with values normalized to parent wild-type BY4741.

M BY4741 dph1A  jjji3A  hgh1A cpr7A cpr7A null mutants and compared them to wild-type
AT S O L and chaperone-control strains.

150 kDN - - - Figure 4 shows that the hghlA strain is hypersensi-

100 kD e DPR tive to hygromycin, to the same degree as the

75kD Efe diphthamide-deficient dphlA and jjj3/dph4A controls.

Hypersensitivity toward hygromycin was also demon-

50 kD W strated for a ¢pr7A mutant raised in the BY4741 back-

. ) ) N ) ground confirming previous observations in S288C
Fig. 3 ADPB of dlphthamlde—modlfledl eEF2 in HGH1 and CPR7 [26-28]. All control strains, parent BY4741 as well as
deletion strains and controls. DT-mediated ADPR occurs only at . ; ] R
diphthamide-modified eEF2. Because DT also accepts biotinylated derivatives with deletions of other co-chaperone &enes
NADP as substrate, ADPR transfers bio-ADP-ribose to including the CPR7 homologs CPRI and CPR6
diphthamide-containing eEF2; bio-ADP-eEF2 is detected via labeled showed no evidence for increased hygromycin sensitiv-
streptavidin on reducing SDS/PAGE/western blot membranes (see ity. Thus, hygromycin hypersensitivity is not associated
Materials and methods section and [23]). The data are with general inactivation of co-chaperones but may be

representative for three independent analyses with consistent (as previously observed in Dph deletion strains

results. [1,2,21]) a consequence of diphthamide deficiency in
the hghlA and cpr7A null mutants.

Dph enzymes include hypersensitivity to hygromycin Decreased sensitivity to sordarin and DT are addi-

and reduced sensitivity to sordarin and DT [1]. We tional phenotypes that were previously observed for

therefore assessed these phenotypes in the hghlA and cells with diphthamide deficiency [1]. Figure 4 shows
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sordarin + pGAL-DT

DT ON

Fig. 4. Sensitivity of HGH7 and CPR7 deletion strains and controls to growth inhibition by hygromycin B, sordarin, and DT. Growth of parent
wild-type BY4741 and indicated yeast deletion strains was monitored without (control) or with the indicated hygromycin B or sordarin doses.
Yeast strains carrying a galactose-inducible diphtheria toxin expression vector (0GAL-DT) were grown in the absence (DT OFF) or presence
(DT ON) of galactose in the cultivation medium. Sensitivity assays were replicated independently more than three times with consistent

results.

that the hghlA and cpr7A strains are hypersensitive to
sordarin and sensitive to DT. Sordarin sensitivity was
not altered in strains that had other co-chaperones
deleted. Thus, increased sordarin sensitivity of yeast
strains deficient for either Hghl or Cpr7 may be related
to eEF2 folding, but (because dphiA and jjj3/dph4A are
in contrast less sensitive to sordarin) it is not a stringent
indicator for eEF2 without diphthamide.

The analysis of the response to DT, a corynebacterial
toxin that targets only diphthamide-modified eEF2 by
ADPR (see above), revealed resistance of the dphlA and
Jij3/dph4A null mutants, which do not harbor any
diphthamide, but sensitivity of all other analyzed strains
including the HGHI and CPR7 gene deletion strains
(Fig. 4). The hghlA and cpr7A null mutants thus harbor
unmodified eEF2 but still are DT sensitive, likely
because (a) of their overall reduction in eEF2 levels
and/or (b) just a fraction of their eEF2 lacks diphtha-
mide while another is modified and targeted for ADPR
by DT. That remaining, protected eEF2 fraction seems
insufficient to enable survival of the hghlA and cpr7A
null mutants in the presence of DT.

FEBS Letters 599 (2025) 1260-1268 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of
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The results of these analyses reveal that hghlA and
¢pr7A null mutants display hygromycin hypersensitiv-
ity, a phenotype associated with defects in diphtha-
mide synthesis, but maintain insufficient levels of
unmodified eEF2 to provide DT resistance. Sordarin
hypersensitivity likely indicates modulation of eEF2
functionality in strains with deletions for genes that
encode the eEF2-client co-chaperones Hghl or Cpr7.

Discussion

The yeast co-chaperones Hghl and Cpr7 are known to
be involved in the folding and prevention of aggrega-
tion of eEF2. Yeast strains deficient in those chaper-
ones harbor reduced levels of functional stable eEF2
and increased levels of eEF2-aggregates [18,19,26]. Our
current work shows that Hghl- and Cpr7-deficient
strains harbor eEF2 without diphthamide, indicating
that these co-chaperones are also relevant for the
diphthamide modification of eEF2.

One explanation for the observation that eEF2 from
HGHI and CPR7 gene deletion strains lacks a

1265
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significant amount of the diphthamide modification
could be that the enzymes dedicated in the modifica-
tion pathway require properly folded eEF2 as a sub-
strate. Interference with eEF2-folding might thus limit
the provision of the substrate for the Dph enzymes in
the hghlA and cpr7A null mutants.

The contributions of Hghl and Cpr7 to eEF2 fold-
ing and stabilization/prevention of aggregation are in
line with the observation of reduced eEF2 levels upon
deletion of the two co-chaperones ([18,19], Fig. 2). In
contrast, reduced eEF2 levels are not observed
in strains with defects in Dphl and Jjj3/Dph4 or other
previously characterized members of the diphthamide
synthesis network [1]. But if only properly folded
eEF2 serves as substrate, Hghl and Cpr7-deficient
strains would in consequence harbor a reduced overall
pool of eEF2, part of which being additionally
diphthamide deficient and hence prone to cause mis-
translation. Thus, translating ribosomes in /ighlA and
cpr7A mutants might face limited availability of func-
tional eEF2. However, these strains are viable and
hence should contain sufficient levels of functional
eEF2. Lack of folded eEF2 as a substrate for proper
diphthamide synthesis on eEF2 may thus not be the
sole explanation for the diphthamide defects observed
in the hghlA and cpr7A strains.

Another possible explanation suggests that Hghl
and/or Cpr7 binding to eEF2 during de novo folding is
a prerequisite for the diphthamide modification. The
binding site for Hghl in eEF2 domain III in proximity
to the sordarin site [18,19] precedes but does not over-
lap with the diphthamide acceptor site at position
His699.

The chaperoning role of Hgh1 may preferentially target
de novo folding of eEF2 as properly folded ¢EF2 has a
similar stability in parent and sghlA strains [19]. It can be
assumed that Cpr7 is also involved in prevention of aggre-
gation (i.e., in stabilization) during de novo folding of
nascent eEF2 [18]. Considering that diphthamide synthesis
may accompany de novo folding, Hghl and Cpr7 may be
co-factors that serve eEF2-folding as well as diphthamide
modification, or may recruit Dph enzyme complexes to
nascent or partially folded eEF2. The diphthamide synthe-
sis supporting activity of Cpr7 is not solely as a ‘nonspeci-
fic’ proline isomerase but rather specific because the lack
of the close proline isomerase homologs Cprl and Cpr6
does not interfere with diphthamide synthesis in the
respective deletion strains (Figs 2-4).

Cnsl is another co-chaperone relevant for eEF2
folding [18,19]. Inactivation of Cnsl is also associated
with hygromycin hypersensitivity and it may therefore
contribute to diphthamide synthesis. Cnsl-deficient
yeast are not viable [18,26,29], and thus, the eEF2-

L. Kaduhr et al.

modification data derived from stalled or dying cells
cannot be meaningful interpreted. A similar synthetic
negative phenotype results from combining Hghl and
Cpr7 mutants [18,30-32]. We therefore refrained from
analyzing the eEF2 diphthamide modification follow-
ing conditional Cnsl or combined Cpr7 and Hghl
inactivation.

Another chaperone long known to contribute to
diphthamide synthesis is the class3 J-domain protein
(JDP) Jj;3 alias Dph4 [29]. Its C-terminal metal-binding
domain is homologous to Dph3 which transfers electrons
to the Dph1/Dph2 heterodimer [33-35]. Dph-functionality
requires both Jjj3/Dph4 domains because mutation of the
J-domain HPD motif, and also of the Fe-binding motif,
are known to abrogate diphthamide synthesis [36,37]. In
contrast to the partial deficiencies that we observed with
the HGHI and CPR7 deletion strains, in a Jjj3/Dph4-
deficient yeast mutant the diphthamide modification is
completely absent [13,38] (note that we used the jjj3/dph4A
strain as a diphthamide deficient control). Another differ-
ence to Hghl and Cpr7 is the absence of described physi-
cal interactions of Jjj3/Dph4 with eEF2 or Dph proteins
or other chaperones (BioGRID, Table S3). The contribu-
tion of Jjj3/Dph4 to diphthamide synthesis may therefore
more likely be related to electron transport or FeS cofac-
tor chaperoning for Dphl/Dph2 [36,37] rather than direct
involvement in eEF2 chaperoning through Hghl and/or
Cpr7.

In summary, our study reveals an intricate connec-
tion of specific co-chaperones of the Hsp90 chaperone
machinery not only to the folding of ¢eEF2 but also to
the unique diphthamide modification of eEF2. This
opens the possibility that molecular chaperones may
be more widely involved in the posttranslational modi-
fication of proteins.
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