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ABSTRACT: J-domain proteins (JDPs) are obligate cochaperones of Hsp70s with CPRC CRC CRC
a wide range of functions in protein homeostasis. Although the J-domain is required g9 o\ A °
for the stimulation of Hsp70s ATPase activity, the functional specificity of JDPs is v }7/

governed by domains or regions other than the J-domain. Jjj3/Dph4, a class III JDP, ﬁ‘ { K nL!

is required for diphthamide (DPH) biosynthesis in eukaryotes, including yeast and - % S

mammals. Dph4 has a conserved N-terminal J-domain and an uncharacterized C- ScDph4 AtDph4 HsDph4
terminal domain containing a signature CSL zinc finger motif. Previously, we $ $ $
showed that the Dph4 ortholog in Arabidopsis thaliana (atDjC13/AtJjj3/AtDph4)

could restore DPH biosynthesis in yeast jjj;3A mutant in a J-domain-dependent U ' '
manner. Here, we characterize the C-terminal CSL motif of AtDph4 using yeast

genetic and biochemical approaches. The CSL motif of AfDph4 is essential for Colorless Brown colored  Brown colored
DPH biosynthesis, and like human Dph4, AtDph4 showed distinct iron-binding  purified protein  purified protein  purified protein
activity, which is not present in its yeast counterpart. ScDph4 and AtDph4 proteins

exhibit distinct iron-binding capabilities, as evidenced by UV—vis spectrophotometry, SEM-EDS (energy-dispersive spectroscopy
function on the scanning electron microscope) and electron paramagnetic resonance (EPR) spectra analyses. Collectively, our data
suggests that beyond their role as an Hsp70 cochaperone, Dph4 homologues in complex eukaryotes may have iron-binding abilities,
indicating a potential role in iron-sulfur cluster assembly and iron homeostasis.

B INTRODUCTION eEF2 intermediate, catalyzed by Dphl-4 enzymes (Figure
1).'%" Dphl-3 forms a multimeric protein complex, where
Dphl and 2 catalyze ACP transfer and Dph3 serves to channel
electrons to the iron-sulfur clusters of Dphl and Dph2
proteins, maintaining their redox state.'®"”

Dph4 (DPH biosynthesis 4) or Jjj3 is a J-domain protein
(JDP) that plays an essential but still elusive role in the first
step of DPH biosynthesis in budding yeast (Figure 1)."*'"
Although nonessential in budding yeast, Dph4 is essential for
normal growth and development in more complex eukaryotes.
Homozygous mouse mutants display growth retardation,
developmental delay, embryonic lethality, preaxial polydactyly,
and neurodegeneration.”” Dph4 is also implicated in apoptosis
and signaling.”"** jjj3/dph4 knockout yeast cells are sensitive
to a range of drugs and compounds, including rapamycin,
caffeine, hygromycin B, cycloheximide, and wortmannin,”*~>*
JDPs are highly diverse cochaperones of Hsp70s that promote
protein folding, assembly and disassembly of protein

Proteins undergo a variety of post-translational modifications
(PTMs) that affect their functions, localization, solubility,
assembly, folding, interactions with nucleic acids, lipids, and
other proteins, as well as their degradation.'™ Among the
several known PTMs that occur on multiple amino acids in
different proteins, one exceptional modification is diphthamide
(DPH), which is restricted to a single amino acid of a single
protein in the entire proteome.*”® DPH is a highly conserved
and unique post-translational modification found in domain IV
of eukaryotic Elongation Factor 2 (eEF2).”° Based on
ribosomal frame-shift assays from the structural and functional
yeast mutants, DPH is proposed to be essential for the
maintenance of translational fidelity and the rate of transla-
tional elongation.””"" Paradoxically, DPH can be ADP-
ribosylated by bacterial toxins including Diphtheria toxin
(DT) from Corynebacterium diphtheriae, Exotoxin A (ETA)
from Pseudomonas aeruginosa, and Cholix toxin (ChxA) from
Vibrio cholerae, resulting in a nonfunctional eEF2 that halts

translation.>™!° Received: February 23, 2024
DPH biosynthesis is a four-step process involving multiple Revised:  July 6, 2024
proteins (Dph1-7, Ktil1; Figure 1). In the first step, a 3-amino- Accepted:  July 30, 2024

3-carboxypropyl (ACP) radical is transferred from S-Adenosyl Published: August 28, 2024

methionine (SAM) to the C2 position of the critical histidine
residue in eEF2, leading to the formation of an ACP-modified
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Figure 1. Diphthamide biosynthesis pathway in eukaryotes. Diphthamide biosynthesis requires at least eight proteins (Dphl-7 and Kti13). The
biosynthesis starts with the conversion of unmodified histidine to an ACP-intermediate that requires Dph1-4 proteins and the Ktil3 protein. The
intermediate then undergoes tetra methylation by DphS in the second step of the pathway, generating methylated diphthine. Dph7 then
demethylates methylated diphthine, leading to the formation of diphthine, which is a substrate for the final enzyme of the pathway. Dph6 catalyzes
the ATP-driven amidation of diphthine using ammonia as a source of the amide group, yielding diphthamide.

structures, transport of proteins within the cell, and
degradation of misfolded, unstable, and aggregated pro-
teins.”*~*® All JDPs have a characteristic J-domain containing
a conserved HPD (Histidine-Proline-Aspartate) tripeptide
motif in a loop between helices II and III that is essential for
the stimulation of the otherwise poor ATPase activity of
Hsp70s.”>*%*° While the J-domain is essential for all Hsp70
cochaperone functions of JDPs, functional specificity of JDPs
emerges from domains/regions outside the J-domain.***"*°

JJJ3/Dph4 possesses an N-terminal J-domain and a CSL-
type zinc finger motif at the C-terminal that consists of four
conserved cysteine residues (Cys-X-Cys:+-Cys-X2-Cys), which
tetrahedrally can coordinate both Zinc (Zn) and Iron (Fe).
The last cysteine residue is followed by serine (S) and a leucine
(L) residue, hence the name “zf-CSL” from the CSL
tripeptide.'”*"** The domain comprises a three-stranded f-
sandwich with one sheet consisting of two parallel strands (/51
and f6) and one antiparallel strand (5). The second sheet
consists of three strands (f32, 3, and $4) running antiparallel
to each other. A short a-helix separates the two sheets.”’ The J-
domain and a CSL domain are connected with a flexible linker
region that maintains the structural integrity of the two
domains and allows them to perform independent functions.’!
Both mammalian (HsDph4) and Arabidopsis thaliana
(AtDph4) orthologs can substitute for ScDph4, for DPH
biosynthesis in budding yeast suggesting conservation of
function.>** Furthermore, for their function in DPH biosyn-
thesis, ScDph4 and its mammalian and plant counterparts
require both their J-domain as well as the CSL zinc finger
motif 313334

Human Dph4 protein binds to both zinc and iron with its C-
terminal CSL motif.”’ However, it predominantly exists in an
iron-bound state, as Fe-Dph4 has a better ability to stimulate
the ATPase activity of Hsp70 compared with Zn-Dph4 under
similar conditions.”’ Fe-Dph4 has redox and electron carrier
activity; it undergoes oligomerization, thus acting as a transient
iron reservoir to maintain iron homeostasis.”’ Interestingly,
ScDph4 neither binds to iron nor donates electrons to the Fe—
S cluster of the Dphl-2 heterodimer.*” Thus, Dph4’s role in
the first step of the DPH pathway awaits further study.
Previously, we reported the presence of the Dph4 ortholog,
viz.,, AtDph4, in A. thaliana and showed that AtDph4 could
restore DPH biosynthesis in the jjj3A mutant of budding
yeast.”” In the study presented here, we show that the C-
terminal CSL motif of atDjC13/AtDph4 is crucial for DPH
biosynthesis. Biochemical studies reveal that, like its mamma-

lian orthologs, AtDph4 also binds iron, a property also shared
by Dph3, another protein having a crucial redox-active
function in DPH biosynthesis.”” Using chimeric constructs,
we show that AfDph4 is a highly specialized JDP that has two
distinct activities. Through its J-domain, it works as an Hsp70
cochaperone, and its iron-binding CSL zinc finger motif has
redox activity of unknown significance.

B MATERIALS AND METHODS

In-Silico Methods. Dph4 orthologs in various organisms
were identified by BLASTP searches in NCBI (https://blast.
ncbinlm.nih.gov/Blast.cgi?PAGE=Proteins) and their specific
databases, e.g, Saccharomyces Genome Database (https://
www.yeastgenome.org/blast-sgd) for fungal species and the
TAIR (https://www.arabidopsis.org/Blast/index.jsp)35_37 da-
tabase for A. thaliana using ScDph4 as the query sequence. The
top results with a significantly high score and low E-value were
shortlisted and used to perform the “reverse BLAST” in SGD.
Those sequences that resulted in the Dph4 protein were
considered Dph4 orthologs.”® Multiple sequence alignment
was done using MAFFT (https: //mafft.cbre.jp/alignment/
server/ ),39 and alignment of the secondary structure was done
using ESpript3 (https://espript.ibcp.fr/ESPript/cgi-bin/
ESPript.cgi).”” These orthologs were then examined for the
presence of distinct domains and motifs using domain
prediction at the NCBI Conserved Domain Database (CDD,
Batch CD-search) (https: //www.ncbi.nlm.nih.gov/Structure/
bwrpsb/bwrpsb.cgi)."' The IBS (Illustrator of Biological
Sequences)* tool was used to create the schematic
representations. The tertiary structures were predicted with
the a fold protein structure database (https://alphafold.ebi.ac.
uk/)* and visualized with PyMol (The PyMOL Molecular
Graphics System, Version 2.0, Schrodinger, LLC.).

Yeast Methods. The yeast genes (ScDph3 and ScDph4)
were amplified by PCR from genomic DNA isolated from the
diploid BY4741 strain. The A. thaliana DPH4 gene was
amplified using specific primer pairs (Table S1) using
Arabidopsis cDNA. Point mutations were generated using the
site-directed mutagenesis technique.”* Dph4 and Dph3
chimera constructs were made using the PCR sewing method*’
in the HIS-based marker plasmid pRS413.%° All constructs are
listed in Table 1. For assessing DPH biosynthesis in yeast cells,
their sensitivity to DT was monitored. Constructs were double
transformed with a URA3-marked GAL-DT plasmid in
dph4Aand dph3Ayeast strains using the LiAc/SS carrier
DNA/PEG method.”” The functionality was tested by
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Table 1. List of Plasmid Constructs Used in the Study

plasmid gene base vector source
pCS944 ScDph4 pRS413-TEF this study
pCS68 ScDph4 pRS414-TEF this study
pCS1073 CaDph4 pRS414-TEF this study
pCS1074  KiDph4 pRS414-TEF this study
pCS977 AtDph4 pRS413-TEF this study
pCS1101 AtDph4 pRS414-TEF this study
pCS1076  HsDph4 pRS414-TEF  this study
pCS1103  AtDphdy30q pRS414-TEF this study
pCS1102 AtDph4 ;s pRS414-TEF this study
pCS94S ScDph4_P114A pRS413-TEF this study
pCS8946 ScDph4_del: P114 pRS413-TEF this study
pCS947 ScDph4_CI152A pRS413-TEF this study
pCS941 ScDph4_CI113A pRS414-TEF this study
pCS1104  AtDph4_add:113P pRS414-TEF this study
pCS1106  AtDph4_CI114A pRS414-TEF  this study
pCS1107  AtDph4_ CISSA pRS414-TEF this study
pCS13 AtDph4-C pRS413-TEF this study
pCS1096 ScDph3 pRS413-TEF  this study
pCS1099 ScDph4-J+ ScDph3 pRS413-TEF this study
pCS1100 ScDph4-J+ AtDph4-C ~ pRS413-TEF this study
pCS77 Gal-DT pYES2 Thakur et al.*’
pCS172 empty vector pRS314 Sahi and Craig™*
pCS210 ScDph4 pET28a this study
pCS213 AtDph4 pET28a this study
pCS1299  AtHsp70-1 pSMT3 this study
pCS1535 AtHsp70-14 pSMT3 this study

monitoring yeast growth on conditional expression of GAL-DT
in a galactose-containing medium. The CDS of AtHsp70-1
(Hsc70-1) and AtHsp70-14 (NEF) were amplified from
Arabidopsis cDNA (Table S1) and cloned in BamHI /Xmal
sites of pSMT3 vector (Table 1) (Mossessova and Lima).””

Western Analysis. Western analysis was performed as
described in ref 33. Briefly, an equal number of cells in the
exponential phase were used to isolate the total protein. The
cells were treated with 0.1 M NaOH before being resuspended
in SDS sample buffer (62.5 mM Tris HCI, pH 6.8, 5% glycerol,
2% SDS, 2% f-mercaptoethanol, and 0.01% bromophenol
blue). To detect protein, anti-Dph4 or anti-HA (Sigma-
Aldrich) rabbit antibodies were used. Image Quant software
(Molecular Dynamics, Sunnyvale, CA) was used for
quantification.

Protein Expression and Purification. All Dph4 proteins
were overexpressed inEscherichia coli Rosetta cells at an ODg,
of 0.6—0.8, with IPTG (0.25 mM) and an O/N incubation at
16 °C and 200 rpm. His-tagged proteins were purified using
immobilized metal affinity chromatography (IMAC) with Ni-
NTA resin. For purification, the cells were resuspended in lysis
buffer (50 mM Tris pH 8.0, 150 mM NaCl, 10% Glycerol, 1
mM DTT) and incubated on ice for 30 min with the addition
of lysozyme, 1 mM PMSF, and a protease inhibitor cocktail
(Sigma-Aldrich). Cells were then lysed by sonication (45%
amplitude, 10s O/N, 20s OFF, 10 min). The lysate was then
clarified by centrifugation at 15,000 rpm at 4 °C for 30 min.
The supernatant was incubated for an hour with the Ni-NTA
resin (Qiagen, Cat. No. 30210) at 4 °C. After passing the flow-
through, the beads were washed with the lysis buffer thrice,
and finally, His-tagged protein was eluted in 1 mL fractions
using an imidazole gradient (S0 mM Tris pH 8.0. 150 mM
NaCl, 10% Glycerol, 1 mM DTT) with imidazole salt ranging

from 250 to 600 mM. Protein-elution fractions were
concentrated using MF-Millipore membrane filters with a
pore size of 10 kDa. The aliquots were flash-frozen in liquid
nitrogen and stored at —80 °C. Polyclonal anti-AtDph4
antibodies were raised against full-length 6xHis-AtDph4
protein in CD-1 mice in the animal facility of IISER Bhopal.

AtHsp70-1-pSMT3 and AtHsp70-14-pSMT3 constructs
were overexpressed in Rosetta cells. Protein expression was
induced at ODg 0.8 using 0.5 mM IPTG at 16 °C for 20 h.
The cells were harvested by centrifugation at 6,000 g for 10
min. Cells were resuspended in lysis buffer (50 mM Tris
pH?7.5, 100 mM KCI, 0.5% triton X-100, 1 mM PMSF, 0.5 mM
DTT, 20 mM imidazole, and 1 mg/mL lysozyme) and
incubated at ice temperature for 30 min. The cells were
sonicated for complete lysis using a probe sonicator. The lysate
was centrifuged at 16,000 g for 30 min. The supernatant was
incubated with Ni-NTA agarose beads for 3 h at 4 °C. Flow-
through was collected, and Ni-NTA beads were washed in
wash buffer 1 (50 mM Tris pH7.5, 100 mM KCl, 0.5% triton
X-100, 1 mM PMSF, 0.5 mM DTT, and 20 mM imidazole)
and wash buffer 2 (S0 mM Tris pH7.5, 100 mM KCl, 0.5%
triton X-100, 1 mM PMSF, 0.5 mM DTT, and 30 mM
imidazole). For AtHsp70-1, the bound protein was incubated
with 2 units of alkaline phosphatase (per mg of bound protein)
for 10 min at room temperature and then washed, additionally,
with wash buffer 2. Bound protein was eluted in an elution
buffer (50 mM Tris (pH 7.5), 100 mM KCl, and 250 mM
imidazole). The eluted protein was dialyzed against a dialysis
buffer (S0 mM Tris pH 7.5, 100 mM KCl, 500 uM DTT, 1
mM MgCl,) in the presence of SENP1 (Ulp protease) for 12
h. The cleaved tag was bound to the Ni-NTA agarose beads for
2 h at 4 °C, and the protein without tag was collected as flow-
through.

ATPase Assay. About 0.5 M purified Hsp70 (AtHsp70-1)
was incubated with 8 uM Hsp40 (AtDph4 or AtDPH;39¢) and
NEF (AtHsp70-14) in ATPase assay buffer (50 mM Tris, pH
7,5; 100 mM KCl, 500 uM DTT) with 1 mM ATP. Also, 50
HL of the reaction mixture was transferred to a 96-well plate in
triplicate, which was incubated at 25 °C. To each well, 150 uL
of malachite green reagent mix (0.081% (w/v) malachite green
in 6N H,S0,, 5.7% ammonium heptamolybdate in 6 N HC],
and 0.7% (w/v) poly(vinyl alcohol) in water; all in 2:1:3 ratio)
was added and incubated for 10 min at room temperature
before stopping the reaction with 3.7% trisodium citrate. The
absorbance was recorded at 620 nm in a plate reader (Eon
microplate spectrophotometer, BioTek instruments). ATP
hydrolysis was quantified according to the phosphate standard
curve prepared by using dipotassium phosphate.

Biochemical Methods. UV-—visible spectroscopy for
ScDph4 and AtDph4 proteins was carried out on the Cary
5000 UV—vis NIR spectrophotometer (Agilent Technologies),
and EPR studies were performed on Biospin (Bruker EPR),
Model A200, at 9.42 GHz in the quartz tube under standard
conditions as described previously.”' Energy-dispersive X-ray
Spectroscopy (EDS) was done for estimating the elemental
composition of proteins by Scanning Electron Microscopy
(Zeiss microscope), Ultraplus.***”*

B RESULTS

Omnipresent Nature of Dph4 Proteins. Dph4 is
involved in the first step of the DPH biosynthetic pathway
in Saccharomyces cerevisiae.'”” To better understand the
conservation and functionality of the Dph4 protein, we
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Figure 2. Multiple sequence alignment (MSA) and structural comparison of Dph4 proteins. (A) Five representative Dph4 protein sequences from
S. cerevisiae ScDph4, C. albicans CaDph4, K. lactis KIDph4, H. sapiens HsDph4, and A. thaliana AtDph4 were aligned using MAFFT, and the
alignment of the secondary structure was done using ESpript3. Identical residues are highlighted in red, and similar residues are shown in boxes.
(B) Domain organization of Dph4 protein. The domains were predicted using the NCBI conserved domain database (CDD), and the structure was
made using the IBS tool (Illustrator of biological sequences) (C) Structure of Dph4 protein. The structure comprises a N-terminal J-domain
characterized by four a-helices and a C-terminal zF-CSL motif consisting of a three-stranded S-sandwich with one sheet comprising two parallel
strands and one antiparallel strand. The second sheet in the S-sandwich is composed of strands running antiparallel to each other. The two S-sheets
are separated by a short stretch a-helix. The N-terminal and C-terminal are connected through a linker region (a-helix). The Dph4 protein

structure is predicted using o fold 2 tool.

identified orthologs of this protein in different organisms
including Candida albicans, Kluyveromyces lactis, Homo sapiens,
and A. thaliana. Dph4 protein orthologues were found in most
but not all of the organisms (Table S2). The multiple sequence
alignment of identified orthologs indicates high sequence
similarity among them (Figure 2A). The identified orthologues
possess the characteristic J-domain at the N-terminus along
with the conserved HPD motif and a C-terminal CSL zinc
finger motif containing four conserved cysteine residues
(Figure 2B). As expected, the predicted structural organization
of ScDph4, CaDph4, KiDph4, and AtDph4 were similar to the
reported structure of Human Dph4 protein®’ (Figure 2C).
Dph4 Function is Highly Conserved across the
Species. To test if the function of Dph4 is evolutionarily
conserved across the organisms, including plants, we
performed a yeast complementation experiment where the
dph4 yeast knockout strain was tested for sensitivity to DT in
the presence of Dph4 orthologues from various organisms.
Full-length ORFs of these orthologues were cloned in a yeast
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expression vector under the TEFI promoter for moderate
overexpression. These constructs carrying different Dph4
orthologues were transformed into a dph4A strain harboring
the catalytic A-chain subunit of DT (dph4A+DT) under the
conditional regulation of the galactose inducible promoter. As
expected, the yeast strain lacking Dph4 was resistant to DT on
the galactose-containing medium. On the contrary, dph4A,
when complemented with yeast ScDph4 (wild-type) and, with
all of the orthologs, were DT sensitive and dead on the same
media (Figure 3A), indicating that heterologous expression of
different Dph4 orthologs can substitute for ScDph4 and can
reconstitute the DPH biosynthesis pathway in yeast.

While DPH biosynthesis genes have been studied in S.
cerevisiae, Schizosaccharomyces pombe, Mus musculus, and H.
sapiens,' %71 relatively little is known about them in plants.
Only recently, in Arabidopsis, the Dphl protein was identified
and reported to be involved in the first step of DPH
biosynthesis, which is known to regulate protein synthesis
and plant growth.”’ In addition to the highly conserved J-
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Figure 3. Dph4 protein is functionally conserved across organisms.
(A) Five uL of 10-fold serial dilutions of dph4A cells harboring GAL-
DT (dph4AGAL-DT) along with an empty pRS413 plasmid empty
plasmid (—) or JDP expressing constructs containing Dph4 orthologs
from S. cerevisiae (ScDph4), C. albicans (CaDph4), K. lactis (KIDph4),
H. sapiens (HsDph4), A. thaliana (AtDph4) and driven under TEF
promoter were spotted on Histidine drop-out plates and incubated at
23 °C for 3 days. (B) C-term zf-CSL motif-dependent function of
AtDph4. Five uL of 10-fold serial dilutions of dph4A cells harboring
GAL-DT (dph4AGAL-DT) along with an empty pRS413 plasmid
empty plasmid (—) or JDP expressing constructs; pRS413-TEF-
ScDph4 (ScDph4), pRS413-TEF-AtDph4(AtDph4), pRS413-TEF-
AtDph4y;9q (AtDphéy;eq), and pRS413-TEF-atDjCl13c s,y
(AtDph4 (ssy) were spotted on His drop-out plates and incubated
at 30 °C for 3 days.

domain, Dph4 orthologs also have a conserved zinc finger CSL
motif (zf-CSL) at their C-terminus, which is shown to be
important for its function in DPH biosynthesis.”’"** We
investigated whether the zf-CSL of Arabidopsis Dph4 is
required for its function. A “C158A” mutation was created
in the C-terminal zf~CSL motif. A plasmid carrying this
mutation was transformed into dph4A+DT. This mutation
rendered the protein inactive, and as a result, the cells carrying
these mutated genes survived on galactose medium in the
presence of DT (Figure 3B). This was similar to the mutation
in the J-domain (AfDph4y;39,), which was shown previously to
be inactive for carrying out DPH biosynthesis in budding
yeast.33

J-domain proteins are known to enhance the ATPase activity
of Hsp70s, promoting effective interactions with client proteins
and thereby facilitating Hsp70-mediated protein folding and
supporting various cellular processes. To determine whether
AtDph4 retains this capability, Hsp70 ATPase assays were
performed. The ability of wild-type (AtDph4) and J-domain
mutant (AtDph4y;39,) proteins to stimulate the basal ATPase
activity of cytosolic AtHsp70-1 (AT5G02500), in the presence
of the cytosolic nucleotide exchange factor AtHsp70-14
(AT1G79930), was monitored. AtDph4 stimulated the
ATPase activity of AtHsp70-1 by ~1.5 fold, while AtDph4 ;354
could not (Figure S3). This suggests that AtDph4 may
function as a Hsp70 cochaperone in carrying out DPH
biosynthesis in Arabidopsis.

AtDph4 has Fe-Binding Activity. The CSL-class zinc-
binding family of proteins is known to possess metal-binding
capacity due to the presence of negatively charged residues in
sequence, including four conserved cysteine residues, with the
last cysteine followed by a serine and a leucine residue, forming
a metal-binding knuckle.”> The NMR solution structure of the
human Dph4 ortholog has been solved and has been shown to
have electron carrier activity, which was attributed to its iron-
binding property.”’ This prompted us to investigate whether
AtDph4 also possessed similar metal-binding properties and
compare it with ScDph4. ScDph4 and AtfDph4 were expressed
and purified from E. coli using His-tag affinity chromatography.
A striking difference in color between these two proteins was
observed after elution. At equal concentrations (Figure 4A),
AtDph4 was brown in color, while ScDph4 was colorless under
the same conditions (Figure 4B). We corroborate this
observation with an earlier report by Dong et al., where they
compared the brown-colored ScDph3, another zf-CSL motif-
containing protein, involved in the DPH biosynthesis pathway,
to the colorless ScDph4 protein.*

Metal-binding proteins, including Dph3, TFIIS, and
rubredoxin, have been shown to exhibit unique UV—vis
spectral profiles with peaks at 350 and 490 nm and a shoulder
peak at 570 nm,”>*’ typical characteristic of iron-binding
proteins. So, we used UV-—visible spectrophotometry to
thoroughly characterize the metal-binding property of the
AtDph4 protein. The UV—vis spectrum for AtDph4 also
showed a similar UV—vis profile, with peaks at 350, 490, and
570 nm suggesting AtDph4 might have some metal affinity. On
the other hand, ScDph4, which was colorless, did not show any
of these peaks (Figure 4C). While such UV—vis spectropho-
tometry indicates iron binding, it does not directly specify the
qualitative iron-binding properties of the proteins under
investigation.”* Methods such as electron paramagnetic
resonance (EPR) spectroscopy and scanning electron micros-
copy with energy-dispersive X-ray spectroscopy (SEM-EDS)
are the approaches to determine the elemental composition of
metal-containing compounds or proteins,fm_42 In principle,
SEM exhibits the compositional contrast that results from
different atomic number elements and their distribution, while
EDS analysis involves the generation of an X-ray spectrum
from the entire scan area of the SEM. To show that AtDph4
actually binds iron, we subjected the ScDph4 and AtDph4
proteins to EDS function on the SEM and observed the
presence of iron. As indicated in the SEM-EDS spectra (Figure
4D), traces of iron were detected in the AtDph4 protein, but
not in ScDph4, further confirming that AtDph4 has an affinity
for iron.

In biological systems, iron can be present in either a ferrous
(Fe*") or ferric (Fe") state, depending upon the transition of
electrons in the d-subshell orbits. We utilized this property of
iron to detect its presence in protein preparations by
employing EPR spectroscopy. The detection of iron by EPR
spectroscopy depends in principle on the presence of an odd
number of electrons, resulting in at least one unpaired electron.
This creates an energy difference between the two possible
spin states of an electron when an external magnetic field is
applied.>> The EPR spectrum of AtDph4 showed resonance at
a g value of 4.3, confirming the ferric state, but the same
observation was not evident for ScDph4. This further validates
that AtDph4 indeed binds to iron (Figure 4E). Put together,
we conclude that although functionally similar in the budding
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Figure 4. AtDph4 has Fe-binding ability. (A—B) ScDph4 and AtDph4 protein expression profile. (A) Coomassie blue-stained SDS-PAGE for
protein purification showing profiles for ScDph4 and AtDph4. Lanes 1—7 indicate loading of different sample fractions at various steps, viz. 1 whole
cell extract, 2 supernatant, 3 pellet, 4 bead-bound protein, S bead after elution, 6 flow-through, 7 eluted proteins; M marker. (B) Preparations of
ScDph4 protein (Left) and Arabidopsis AtDph4 (Right) purified from E. coli Rosetta strain. (C) UV—visible absorption spectra of ScDph4 (red)
and AfDph4 (blue) are plotted against wavelength. The peaks at 350 and 490 nm are marked by the arrow symbol. (D) SEM-EDS analysis of
ScDph4 and AtDph4. Backscattered electron images in the SEM display compositional contrast that results from different atomic number elements
and their distribution. (E) EPR spectra of ScDph4 and AtDph4. Comparison of EPR spectra of ScDph4 with AtDph4 protein preparation recorded
at —195.79 °C. The observed resonance of the AtDph4 protein is marked for its g values.

yeast model, the Arabidopsis Dph4 protein has a metal-binding
ability in contrast to its yeast counterpart.

Sequence Diversity in the C-Terminal Region Defines
the Iron-Binding Property of Dph4 Orthologs. Our UV—
visible spectrophotometry and SEM-EDS spectral analysis
showed a difference between AtDph4 and ScDph4. To
understand the underlying reasons for this difference in iron-
binding properties, we undertook a rigorous sequence analysis
and homology modeling of Dph4 homologues. Sequence
comparison of the Dph4 proteins from different organisms
revealed the presence of proline (P) between the first two
cysteine residues that form the first loop of the metal-binding
knuckle (Figure SA) in some yeast strains, viz, CPRC in
ScDph4, compared to CRC in AtDph4, and the HsDph4
sequence. This suggests that the presence of two amino acids
in budding yeast as compared to one in human and Arabidopsis
proteins could have an impact on its loop length and thereby
on iron binding. This was substantiated by a structural overlap
of this part of the proteins, indicating that an extra proline
residue between Cys113 and Cys116 causes an increase in the
overall length of the loop of Dph4 proteins in yeast species,
which might influence their metal-binding abilities (Figure
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5B). Since Dph3 and Dph4 share the CSL zinc finger motif, we
then compared the sequence of AtDph4 with ScDph3, which is
reported to possess iron-binding ability.”” Interestingly, the
CSL motif of AtDph4 was found to be 42.31% similar to the
CSL motif of ScDph3, but only 24.24% similar to ScDph4’s
CSL motif. According to the NCBI BlastP pairwise alignment,
there is no significant similarity between AtDph4 and ScDph4
in the CSL motif. Furthermore, Dph3 proteins have a single
proline residue in between the two cysteines, strengthening our
loop length hypothesis that sequences with a single amino acid
in between the two cysteines, and thus reduced loop length,
may coordinate bind iron better than those with more than
one amino acid. This is consistent with our data that AtDph4,
like HsDph4 and ScDph3, binds to iron and is thus colored,
while ScDph4 is colorless.

We set out to determine if the proline residue is specifically
required for the ScDph4 functionality or if it is just
contributing to the overall loop length, which is crucial for
the ScDph4 function. We first created ScDph4 constructs
where the proline residue was either replaced with an alanine
or deleted and tested their functionality in the dph4A+DT
strain. Our results show that the P114A substitution did not
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Figure S. Sequence and structural diversity in the Dph4 CSL motif. (A) Multiple sequence alignment of Arabidopsis yeast and human Dph4
orthologs, highlighting the differences in the iron-binding residues. (B) Secondary structure alignment of Dph4 orthologs to highlight the variation
in loop length. (C) Five uL of 10-fold serial dilutions of dph4A cells harboring GAL-DT (dph4 GAL-DT) along with an empty pRS413 plasmid
empty plasmid (—) or Dph4 protein expressing constructs; pRS413-TEF-ScDph4 (ScDph4), pRS413-TEF-ScDph4_P114A (ScDph4_P114A),
pRS413-TEF-ScDph4_del P114 (ScDph4_del P114), pRS413-TEF-AtDph4 C152A (AtDph4_C152A), pRS413-TEF-AtDph4_C113A
(AtDph4 C113A), pRS413-TEF-AfDph4 (AfDph4), pRS413-TEF-AfDph4 C114A (AtDph4 CI114A), and pRS413-TEF-AfDph4 CISSA
(AtDph4_C155A) were spotted on His drop-out plates and incubated at 30 °C for 3 days.

affect the functionality of ScDph4, as dph4A+DT cells
harboring P114A mutations carrying ScDph4 plasmids were
unable to grow on galactose-containing plates (Figure SC). In
contrast, proline deletion completely abrogated ScDph4
function, as the cells survived on the galactose-containing
medium. Next, we tested the importance of loop length in the
Arabidopsis Dph4 protein. For this, we created an AtDph4
construct where a proline was inserted between the cysteine
residues (P114), forming the metal-binding loop, and tested its
functionality in the dph4A+DT strain. Interestingly, the
presence of this extra proline renders AtfDph4 inactive in
budding yeast as it failed to complement the dph4A+DT strain
(Figure SD).

Next, we investigated the functional relevance of the
conserved cysteines in the zf-CSL motif of ScDph4 and
AtDph4. For this, cysteine 113 and 152 from ScDph4 and
cysteine 114 and 155 from AtDph4 were chosen and replaced
with alanine using site-directed mutagenesis. These mutation-
carrying constructs were tested for their ability to complement
the Dph4 deficiency in the dph4A+DT strain. As expected,
these alanine substitutions evade both the ScDph4 and AtDph4
functions as they failed to rescue the dph4A+DT strain on
galactose-containing medium (Figure SD), signifying the
highly conserved nature of cysteine residues in the formation
of a metal-binding loop proving the essentiality of cysteine
residues in both ScDph4 and AtDph4 function.
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To test the expression of AtDph4 mutants, all of the
constructs were transformed into the dph4A strain. The total
protein lysate of the yeast transformants was analyzed by
Western using the AfDph4 antibodies. While the wild-type
(AtDph4) and J-domain mutant (AtDph4H39Q) proteins were
expressed at comparable levels, most other mutants were
expressed at lower levels in budding yeast (Figure S1).

To analyze if these proteins were properly folded and if their
levels were sufficiently high to perform their role in DPH
biosynthesis, we took an indirect approach. All of the
constructs expressing AtDph4, AtDphdy;eg, AtDphdcssy,
AtDph4_add:113P, AtDph4_C114A, and AtDph4_CI1SSA
were transformed into the ydjIA strain. We hypothesized
that, if properly folded, having a functional J-domain, all of the
proteins, except AtDph4y;;9, should interact with Hsp70 and
rescue the temperature sensitivity of yeast cells lacking Ydjl.
Ydjl is the most abundant J-domain protein in the yeast
cytosol. Its deficiency makes yeast cells sick, which can be
efficiently rescued by overexpression of J-domains containing
proteins.”* All of the AfDph4 variants, except the J-domain
mutation, AtDph4y;5o, were able to rescue the “slow-growth”
phenotype of the Ydj1 deletion strain, signifying their ability to
stimulate the weak ATPase activity of cytosolic Hsp70 (Figure
S2). These results indicate two things: First, these variants are
expressed at sufficiently high levels. Second, these proteins are
stable and properly folded in vivo and their inability to rescue
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days.

DPH biosynthesis defect of dph4A is due to compromised
function in yeast cells.

ScDph3 and AtDph4 are Functionally Distinct. AtDph4
shares the conserved zf-CSL motif with the Dph3 protein,
which has iron-binding activity and works as a redox-active
protein during DPH biosynthesis.”> Since AtDph4 shares
common structural elements, sequential features (Figure
6A,B), and also iron-binding ability, we examined if AtDph4
could replace Dph3 in dph3A cells and restore DPH
biosynthesis. For this, we transformed the full-length AtDph4
construct in dph3A+DT cells. Our results showed that AtDph4
could not complement the DPH biosynthesis defects of Adph3
(Figure 6C). Since the similarity between Dph3 and AtDph4 is
only in the zf-CSL motif, we reasoned that possibly the
presence of a J-domain tethers AtDph4 to Hsp70, thereby
compromising its ability to substitute for Dph3 in budding
yeast. So, we generated an AtDph4-C construct encompassing
only residues 77-174 of AtDph4 lacking the N-terminal J-
domain. Like full-length AtDph4, expression of C-terminus too
could not restore DPH biosynthesis as dph3A+DT cells
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expressing the AfDph4-C mutant grew like dph3A [Gal-DT]
cells with an empty plasmid (Figure 6C). We further tested
this idea using an alternative approach. Using the PCR sewing
method, we inserted the J-domain fragment of ScDph4
(residues 1-73) to the N-terminus of Dph3 to make a chimeric
construct [ScDph4-J+ScDph3], assuming this protein would
functionally behave like AfDph4. We made another chimera
construct [ScDph4-J+AtDph4-C] where the same J-domain
fragment was fused with AtDph4-C (77-174) as a control. The
functionality of these chimeric proteins was tested in both
dph3A+DT and dph4+DT cells. The [ScDph4-J+ScDph3]
chimeric protein rescued dph3A+DT cells but failed to do so
in dph4A+DT cells; on the other hand, [ScDph4-J+AtDph4-C]
rescued the dph4A+DT cells but failed to complement
dph3A+DT cells. Our results show that even though these
two proteins display remarkable structural and biochemical
similarity, AfDph4 and ScDph3 are functionally distinct and
have very specific and nonredundant requirements in the DPH
biosynthesis process.
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B DISCUSSION

DPH is an archaebacterial and eukaryotic post-translational
modification that has been conserved during evolution. Its
pathobiological relevance is well established, but its biological
significance is still elusive. DPH’s presence in domain IV of
eEF2 sug%ests its role in the maintenance of translational
fidelity.""” DPH has also been implicated in specific
translational regulation under stress; it regulates selenoprotein
translation and internal ribosomal entry site (IRES) mediated
translation DPH biosynthesis machinery is also highly
conserved.”>”” All Dph1-7 genes have been found conserved
in yeast, mice, and humans.'®"” So far, only two proteins
involved in the first step of DPH biosynthesis have been
identified in plants, AfDphl and AtDph4.”*>' A recent
publication established the existence of DPH in plants and
showed that AfDphl (ATS5G62030) is essential for transla-
tional fidelity; just like the yeast mutants, dphl mutants are
sensitive to translational inhibitors and have defects in the
TOR pathway, thus displaying abnormalities in growth.”>”" In
a previous study, we discovered the Arabidopsis ortholog for
the Dph4 protein, AtDph4 (atDjC13/AT4G10130), and
showed that AtDph4 can replace Jjj3/ScDph4 for DPH
biosynthesis in budding yeast, suggesting that its function is
conserved across species.”””

Dph4 is a bipartite protein with an N-terminal J-domain and
a C-terminal CSL zinc finger motif. Dph4’s J-domain is
required for DPH biosynthesis and also for stimulation of
Hsp70 protein ATPase activity.”>* The J-domain of AtDph4
is known to be required for DPH biosynthesis.”> Other than
being a Hsp70 cochaperone, human Dph4 has roles such as
iron binding, redox, and electron carrier activity governed by
its C-terminal motif. Human Dph4 binds to both zinc and iron
via four conserved cysteine residues in the CSL motif.”">"
These residues are critical for the function of yeast and human
Dph4 genes in DPH biosynthesis.”** Consistent with that,
C158Y, C114A, and C155A substitutions in AfDph4 rendered
the protein nonfunctional, resulting in no DPH synthesis and
thus resistance to DT in the yeast cells lacking ScDph4.
Moreover, purified AtDph4 could bind iron, as verified by
UV—visible and SEM-EDS spectra. This suggests that like
HsDph4 and Dph3, AtDph4 could act as an electron donor for
Dphl and Dph2 iron—sulfur clusters.”">® Similar to HsDph4
and other Zn-CSL motif-containing proteins, AfDph4 might
also coordinate with the zinc metal. However, further
experiments are needed to confirm this possibility. Beyond
DPH biosynthesis, AtDph4 may also have a moonlighting iron-
binding/redox function. AtDph4 orthologs could be function-
ing like DJA6 and DJAS, which are Arabidopsis type-l J-
proteins that bind iron via conserved cysteine residues in the
cysteine-rich (CR) domain and enable iron incorporation into
Fe—S clusters through their interactions with the sulfur
utilization factor (SUF) apparatus via their J-domain.”” The
absence of these two proteins results in severe abnormalities in
the accumulation of chloroplast Fe—S proteins, photosynthetic
dysfunction, and considerable intracellular iron overload.”
Another JDP, AtHSCB, plays an important role in the
regulation of the Fe—S assembly pathway in plant mitochon-
dria, thus maintaining iron homeostasis.”" "> Just like the
chloroplast and mitochondrial JDPs, AtDph4, being localized
to the cytoplasm, might be a component of CIA (cytosolic
iron—sulfur protein assembly) machinery and regulate the iron
homeostasis in the cytosol. A recent study that examined the

impact of iron and sulfate deficiency on levels of DPH
modification, discovered that the iron- and sulfate-deficient
Arabidopsis mutants have slightly increased levels of
unmodified eEF2 than wild-type controls.”>>' DPH mod-
ification states are thus dependent on iron and sulfur
availability, as four proteins involved in the first step require
iron for their function, while Dphl and 2 contain ISCs, and
Dph3 and Dph4 bind iron via CSL motifs. However, whether
or not the iron-binding activity of AfDph4 is important in vivo
needs to be further investigated.

Sequence analysis and homology modeling of the metal-
binding loop in Dph4 homologues support the idea of an
optimum loop length on iron binding. This is further
corroborated by the fact that HsDph4, AtDph4 as well as
Dph3 proteins, which have shorter metal-binding knuckles
bind iron and ScDph4 does not. Interestingly, the P114A
substitution did not affect the functionality of ScDph4, while its
deletion completely abrogated the ScDph4 function. On the
other hand, the presence of extra proline in AtDph4 had a
deleterious effect on protein function. This indicates that
structural changes in this region are not only responsible for
unique metal-binding abilities in complex eukaryotes such as
plants and humans but also have a greater functional relevance
in different organisms.

Despite the remarkable biochemical similarity shared by
AtDph4 and Dph3, our results from the chimeras do not
unequivocally prove an evolutionary relationship between
these two proteins. Although they are involved in the same
cellular process (DPH biosynthesis), both AtDph4 and Dph3
are functionally distinct. We believe that Dph3 is the main
protein for all of the redox activities and acts as a reductant in
Fe—S cluster assembly during DPH biosynthesis. On the other
hand, Dph4 orthologs in more complex eukaryotes, like
humans and plants, work as an Hsp70 cochaperone, playing a
role in assisting the formation of Fe—S cluster assembly and, at
the same time, buffering the electron transfer activity of Dph3;
however, this needs to be experimentally validated.

At this point, we cannot rule out the possibility that AfDph4
may be involved in functions other than DPH biosynthesis, as
well. ScDph4 is known to interact with protein kinases involved
in different processes.(’3 Likewise, AtDph4 interacts with the
mitogen-activated protein kinase 1 (AfMPK1),** which is
activated upon wounding, indicating a role of AtDph4 in
defense response. A recent study reveals that AfDph4 plays a
role in plant defense against Turnip mosaic potyvirus infection;
consequently, AtDph4 loss of function mutants displayed
significantly enhanced disease progression in comparison to
WT plants.”> HsDph4 is regulated via HSF2 transcrigtional
regulation under extracellular stress conditions.”® The
methylation of DPH4 promoters influences diphthamide
synthesis and toxin sensitivity in tumor cells, demonstratin
that DPH gene expression impacts diphthamide synthesis.’
According to in-silico expression data at GENEINVESTIGA-
TOR®® and eEFP browser (http://bar.utoronto.ca/efp2/
Arabidopsis/Arabidopsis_eFPBrowser2.html).*> AfDph4 is ex-
pressed in almost all stages of growth and development as well
as under a variety of biotic and abiotic conditions.
Interestingly, an ARE element-AAACCA, which is required
for anaerobic induction, was also found in the AtDph4
promoter. Anaerobic conditions are required for ISC
assembly.”®”® Thus, AtDph4 like HsDph4 may have a role in
growth and development as well as the biotic or abiotic stress
response.
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The Dph4 homologues in complex eukaryotes like plants
and humans exhibit metal-binding capabilities. Such a kind of
novel gains of functions has been reported in other JDPs as
well. For example, Cwc23, a type III JDP possesses an
additional C-terminal RNA Recognition motif (RRM) in its
Arabidopsis and human ortholog that imparts these proteins a
unique RNA binding ability, which is absent in the S. cerevisiae
ortholog, ScCwc23. ! Considering that fungi and animals are
monophyletic and plants diverged much earlier, the most
parsimonious interpretation is that the iron-binding property
was possibly lost in the common ancestor of Saccharomyce-
taceae. Such events of neofunctionalization could be
instrumental in generating evolutionary novelty with a greater
adaptability to more complex environments.

B CONCLUSIONS

In conclusion, our research work highlights the significance of
the C-terminal domain of type III JDP, AtDph4 and reveals its
novel iron-binding abilities. As genes involved in the DPH
biosynthesis pathway are characterized in different systems,
including plants, the importance of this unusual, yet conserved
post-translational modification in growth and development is
coming to light. It remains to be seen if the ability of AfDph4
to bind iron is important in either DPH biosynthesis or in a yet
unknown cellular process requiring redox activity. Never-
theless, this study presents an example of how structural
modifications in JDPs are responsible for imparting unique
combinations of functions in complex eukaryotes, enabling
adaptation to complex environments.
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