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The human selenoprotein H is the only selenocysteine-containing protein that is located in the cell's
nucleolus. In vivo studies have suggested that it plays some role in DNA binding, consumption of

reactive oxygen species, and may serve as a safeguard against cancers. However, the protein has never

been isolated and, as a result, not yet fully characterized. Here, we used a semi-synthetic approach to
Received 15th June 2025 btain the full sel tein H with a S43T mutation. Using biolayer interf t lso show that
Accepted 9th October 2023 obtain the full selenoprotein H with a mutation. Using biolayer interferometry, we also show tha
the Cys-containing mutant of selenoprotein H is capable of binding DNA with sub-micromolar affinity.
DOI: 10.1039/d35c03055h Employing state-of-the-art expressed protein ligation (EPL), our devised semi-synthetic approach can be

rsc.li/chemical-science utilized for the production of numerous, hard-to-obtain proteins of biological and therapeutic relevance.
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Introduction

Although there are twenty-five known human selenoproteins,*
studies on most have been quite limited. Obtaining sufficient
quantities of selenoprotein for structural or enzymatic charac-
terization has eluded scientists for decades,” as the key residue
in these proteins, selenocysteine (Sec, U), is encoded by a stop
codon (UGA).? Although both prokaryotes and eukaryotes have
evolved complex mechanisms to override the stop codon during
ribosomal translation,® recombinant methods developed in
different labs for E. coli, yeast, or similar expression methods
have proven quite inefficient with regards to Sec expression.*
Hence, the majority of studies on human selenoprotein H
(SELENOH), to date, have been based on in vivo knockdown or
upregulation studies. Obtaining homogenous protein to study
its structure and function has not yet been achieved, although
its presence has been known for over twenty years."

Chemical (semi-)synthesis of proteins is a powerful approach
to provide accesses to uniquely modified or challenging to
produce targets for biochemical studies and
applications.*” It has provided a route to obtaining selenopro-
teins, even when recombinant protein expression could not.
Expressed protein ligation (EPL), a method explained more in
depth later in this introduction, was used to obtain the natural

various

“The Institute of Chemistry, The Hebrew University of Jerusalem, Edmond J. Safra
Campus, Givat Ram, Jerusalem 9190401, Israel

*Casali Center for Applied Chemistry, The Hebrew University of Jerusalem, Edmond J.
Safra Campus, Givat Ram, Jerusalem 9190401, Israel

The Center for Nanoscience and Nanotechnology, The Hebrew University of Jerusalem,
Edmond J. Safra Campus, Givat Ram, Jerusalem 9190401, Israel. E-mail: metanis@
mail. hyji.ac.il

DOLIL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d35c03059h

(ES)

© 2023 The Author(s). Published by the Royal Society of Chemistry

selenoprotein mouse thioreductase 3 (Mtr3), in which the
majority of the protein was expressed as an intein fusion, con-
verted to a thioester, and ligated to the C-terminal, Sec-
containing tripeptide, which was prepared by SPPS.® An alterna-
tive EPL approach was used to produce human selenoproteins M
and W, in which the Cys-containing half of the protein was
expressed as an intein fusion, and converted to thioester, while
the Sec-containing half of the protein was expressed as seleno-
protein in Cys-auxotrophic bacteria.” Ligation of these segments
gave SELENOM and SELENOW as final products.

These two proteins were also produced using entirely
synthetic means, where SELENOM and SELENOW were
produced from four segments and two segments, respectively.'®
SELENOM was produced using the selenazolidine protecting
group (Sez) to prevent central segment self-cyclization and
unwanted deselenization. Efficacy of the protecting group on
the latter was limited, however, and about 10% of the Sez was
converted to Ala during deselenization of other Sec residues.
This problem was later circumvented in the synthesis of the Trx-
fold domain of human selenoprotein F (SELENOF), in which an
Fmoc-protected Sez was shown to be completely protected from
unwanted deselenization.'* The full-length SELENOF was also
synthesized using Sec(Mob) to prevent deselenization.” In an
alternative approach, human selenoprotein K (SELENOK) was
synthesized using a selenoester rather than thioester-based
ligation, to allow ligation at a challenging Pro-Sec junction.™
Although each synthesis relies on similar techniques (SPPS,
thioesterification, NCL), each is truly unique according to the
limitations dictated by its protein's particular sequence, and no
universal method exists to obtain the entire family of
selenoproteins.

Despite gaps in the scientific community's knowledge about
its function, enough is known about SELENOH to make it
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Fig. 1 (A) SELENOH's predicted structure from AlphaFold overlaid on
its sequence; the amino acid of SELENOH contains a critical DNA-
binding region at the N-terminus, followed by a hydrophobic region.
Proposed ligation sites are underlined; (B) schematic depiction of the
protein's predicted structure from AlphaFold.

a compelling target for synthesis and study. As with many other
selenoproteins,™ SELENOH has a predicted thioredoxin fold
(Fig. 1);'*" it contains a CXXU motif, surrounded by an a-helix
and a B-sheet, a classic conserved feature of thioredoxins
(traditionally with CXXC)."* As a result, it is predicted that
SELENOH, like other thioredoxins, plays a role catalyzing the
formation, isomerization or destruction of disulfide bonds in
other proteins, although studies on Sec-to-Cys mutants could
not confirm thioredoxin activity.'> Additionally, SELENOH's Sec
is suspected to play a role in consuming peroxides and perhaps
other types of reactive oxygen species (ROS) which can harm the
cell. Expressed Sec-to-Cys and Sec-to-Ser mutants of SELENOH
showed some activity in consuming peroxides,* and in vivo
studies showed that suppressed SELENOH expression led to
peroxide proliferation in the cell,"” while overexpression of
SELENOH in cells helped protect against oxidative damage.*
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These data suggest that, like many other selenoproteins,
SELENOH plays an important role in maintaining redox
homeostasis in the cell (Scheme 1).

Although there are many shared features between SELENOH
and other selenoproteins, SELENOH is unique in its nucleolar
localization, and, notably, its ability to bind DNA. In a 2007
study by Berry and coworkers, cells were subjected to oxidative
stress and then SELENOH was immunoprecipitated and found
to be bound to DNA fragments.* It is suspected that SELENOH's
nuclear localization signal, at its N-terminus, is also the source
of its DNA binding ability (Fig. 1). Indeed, this highly positively
charged sequence is capable of forming electrostatic interac-
tions with DNA's negatively charged backbone, and its sequence
has been compared to an AT-hook,* a conserved sequence of
amino acids known to bind DNA's minor groove. Immunopre-
cipitated SELENOH-bound DNA fragments closely aligned with
heat shock element (HSE) or stress response element (STRE),
two sequences of DNA which appear frequently upstream of
genes that can respond to cell stress.”® As a result, it was sug-
gested that SELENOH senses an excess of ROS in the cell, and,
as a result, binds the DNA promoter upstream of the gene
expressing a-GCS. This initiates the expression of the protein,
which in turn is responsible for the production of glutathione
(GSH). GSH is then released into the cell and consumes the
ROS, thereby saving the cell from oxidative stress (Scheme 1B).
Computational modeling of the protein has suggested that Sec
plays some role in enhancing the binding between the protein
and selected DNA sequences,> but there has not yet been
a definitive study of the protein's interactions with DNA.

SELENOH has also recently been shown to be a target for
cancer treatment.”»*® Previous biological studies have demon-
strated a clear relationship between seph (the zebrafish variant
of selenoprotein H), activation of the p53 pathway, and tumor
proliferation.” The antibiotic carrimycin has been known to
inhibit some cancers.”>*® Recently, one component of carrimy-
cin, known as ISP I, was isolated and shown to specifically bind
and inhibit SELENOH.”® As a direct result of SELENOH
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Scheme 1 SELENOH's suggested two modes of actions: (A) a glutathione peroxidase or (B) a DNA-binding protein that responds to oxidative

stress.
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inhibition, cancer cells are overrun with ROS, leading them to
initiate apoptosis and the growth of certain cancers is thereby
stalled.” Further work to characterize the structural interaction
of SELENOH and ISP I as well as understanding the mechanism
of degradation of SELENOH have been hampered by the
inability to produce significant quantities of pure, isolated
SELENOH.

Results and discussion

A three-segment strategy was designed for the synthesis of
SELENOH (Fig. 1A and Scheme 2), using two ligation sites at
positions 43-44 and 90-91. Dividing the protein into three parts
gives segments under 50 amino acids each, which is considered
ideal for SPPS, and an Ala was chosen as a ligation site because
it is easily replaced with Sec and then converted to Ala following
ligation via radical deselenization.”” Our designed segments
include the C-terminal SELENOH(91-122), with a temporary
A91U substitution to allow for ligation and subsequent desele-
nization.””*® Although A91 is located in a predicted B-strand
region, SPPS and NCL occur under denaturing conditions and,
as such, it should not affect the ligation rates. The middle
segment, SELENOH(44-90), would contain a C-terminal thio-
ester precursor and an Fmoc-selenazolidine (Sez) protecting
group' on its natural Sec44, to prevent unwanted cyclization
with thioester and prevents conversion to Ala during the dese-
lenization step of A91U.

The N-terminal segment would also contain a C-terminal
thioester. All peptides would be prepared via SPPS, and thio-
esters would be prepared from C-terminal hydrazides.*

The middle (Fmoc-SELENOH(44-90)(U44Sez)-COSR) and C-
terminal (SELENOH(91-122)(A91U)) segments of the protein
were prepared synthetically and assembled in a straightforward
fashion. SPPS and purification methods for the individual
peptides are discussed in depth in the ESI (Fig. S1 and S2).t

Following purification, SELENOH(44-122) was attained
through a one-pot ligation, purification, and selenazolidine
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Scheme 2 Our initial proposed synthetic route to full SELENOH.
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Fig. 2 (A) Stacked HPLC chromatograms showing reaction progress
of one-pot ligation, deselenization, and Sez opening, monitored on C4
analytical column. (B) HPLC and ESI-MS of purified SELENOH(44-122).
Calc. mass 8890 Da, obs. mass 8890.0 Da, 9003.0 Da (+1 TFA salt).

opening based on a method previously developed in our group
(Fig. 2)."* In short, SELENOH(44-90)-COSR with a N-terminal
Sez caging group was ligated with the Sec substituted for
Ala91 in SELENOH(91-122)(A91U). Following ligation, desele-
nization was performed to convert Sec to native Ala91, and the
Sez group was then opened to native Sec44. In all, 2.5 mg
purified SELENOH(44-122) was obtained from 5.0 mg of the C-
terminal and 8.7 mg of the central segment, in 22% yield.
Accessing the N-terminal segment of the protein, SELE-
NOH(2-43), was hindered by many obstacles. A truncated
version, SELENOH(19-43) was synthesized in good quality, but
the quality of the synthesis suffered greatly after the incorpo-
ration of the hydrophobic sequence AAVVAVA at positions 12-
18, and a peak on HPLC chromatogram of the crude product
could not be identified with the desired mass of the full peptide.
Because the sequence contains no prolines and was highly
hydrophobic, we theorized that the peptide was undergoing on-
resin aggregation.’* Incorporating pseudoproline was not
possible, as the segment contained no natural Ser or Thr resi-
dues. Attempts to thwart aggregation using chemical means: C-
terminal or Cys-linked solubilizing tags,*+** chaotropic agents
such as LiCl during washes,*® Boc synthesis,* and microwave
SPPS were similarly unsuccessful. Further attempts were made
to assemble the sequence from two segments, by introducing
a Sec at either Ala12 or Alal6. However, in both cases, the
ligation product was insoluble and could not be purified, even
with addition of a C-terminal solubilizing tag (data not shown).
Given these results, we were forced to conclude that SELE-
NOH(2-43) was not attainable via SPPS using the tools that were
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currently available to peptide chemists, and chose to pursue the
segment using protein expression.

Ultimately, SELENOH(2-43) was obtained through expres-
sion. The segment was fused to a C-terminal intein (MxeGyrA)
for downstream conversion to thioester (Scheme 3). Addition-
ally, with the awareness that this portion of the protein was
aggregation-prone, following recent works of Miiller, Ramos,
and others, we designed an N-terminal SUMO fusion to increase
solubility with the intention of removing the SUMO with SUMO-
protease Ulp-1 following ligation to the synthetic remainder of
the protein.***® The protein was expressed in reasonable yields
(Fig. S3 and S4,7 57 mg L™ '), but the conversion to thioester was
unacceptably inefficient (less than 10% after 4 h, with subse-
quent degradation of protein, Fig. 3). This low conversion rate
was attributed to the amino acid at position 43 immediately
adjacent to the thiolysis site, Ser. The identity of amino acids at
the —1 site from the intein affects rate, a phenomenon that has
been previously observed.*” As a result, we chose to mutate
Ser43 to Ala or Thr in order to improve thiolysis efficiency

recombinant expression
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Scheme 3 Modified approach to full SELENOH through semi-
synthesis. The N-terminal portion of the protein is expressed with N-
terminal SUMO to enhance solubility and C-terminal intein to enable
downstream thioesterification.
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Fig. 3 A comparison of hydrazination rates between SUMO-SELE-
NOH(2-43)-intein based on the amino acid at —1 position, Ser43
(wild-type), S43A, or S43T.
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(Fig. S3 and S4t). Indeed, following expression, we saw that
conversion to thioester via hydrazide®**° was much faster than
the wild-type (fully completed within 4 h, Fig. 3).

The purified SELENOH(44-122) was then ligated with both
S43A and S43T variants of SUMO-SELENOH(2-43)-COSR. In
both cases, ligation yields could not exceed 50%, as the Cys41
performed internal cyclization with the peptide's C-terminal
thioester. This reaction led to trapped cyclization product, in
direct competition with the ligation product (Fig. 4). The
resulting SUMO-SELENOH variants were refolded and SUMO
was removed using the deSUMOylating enzyme ULP-1. Overall
yield was approximately 50 pg from the reaction, or about
5 mg L' expression (Fig. 5).

In order to study the protein's DNA binding properties, more
material was required. We reasoned that the protein's DNA-
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Fig. 4 HPLC chromatograms of the ligation of SUMO-SELENOH(2—
43)(S43T)-COSR with SELENOH(44-122). Calc. mass for the oxidized
form (with selenylsulfide bond) is 25769.2, obs. mass 25769.0 Da. In
addition to ligation with 2 to give the desired ligation product 3, the
thioester 1 underwent internal cyclization with Cys41l (4) and irre-
versible hydrolysis (5).
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Fig. 5 SDS-PAGE (left) of SUMO removal (scheme on right). SUMO-
SELENOH was immobilized on Ni beads, and following SUMO
cleavage, the full SELENOH(S43T) protein was eluted from the beads.
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Table 1 DNA fragments of 35 bp were designed to contain the intended recognition sequences. Top strands included a biotin and flexible T11
linker. Sequences were taken from the GCS promoter and contained the relevant response elements (shown in black square)

Strand name

Sequence

HSE dsDNA

STRE dsDNA

Scrambled dsDNA

Scrambled dsDNA (AT poor)

Table 2 Dissociation constants (Kp) for interactions of SELENOH and
DNA segments using BLI

DNA type Kp (nM) Error
HSE 1200 +400
STRE 1000 +200
Scrambled 700 +100
Scrambled AT poor 1700 +800

binding properties could be studied using a Cys-containing
mutant of the protein, one that could easily be produced via
bacterial expression. We therefore expressed and purified SELE-
NOH(U44C) (Fig. S6-S9f) and used biolayer interferometry
(Fig. S101) to characterize its interactions with several DNA
sequences. Interaction of SELENOH with three different double-
stranded DNA segments was explored: STRE (stress-response
element) and HSE (heat-shock element) were both prepared
based on real sequences found in the GCS promoter, and
a scrambled sequence of DNA was included as a control (Table 1).

We found that all three DNA segments bound the SELENOH
protein in the micro- to sub-micromolar range (Table 2 and
Fig. S9t), indicating an indisputable affinity between the protein
and DNA but one that is not sequence-specific. It is worth noting
that the tested scrambled DNA sequence is still somewhat AT-
rich, which may be fueling the affinity between the protein and
the sequence. Intrigued by this, we sought to examine another,
AT-poor scrambled DNA sequence. To our surprise, a somehow
similar affinity with K4 ~1.7 pM has been obtained also in this
case (Table 2). However, when we tested the N-terminal segment
SELENOH(2-15), no binding to the HSE dsDNA was detected
(data not shown), suggesting that the full structured protein is
required for efficient DNA binding. Overall, the DNA binding
results indicate a more versatile role of SELENOH as was specu-
lated up to date. The power of the precise chemical synthesis
introduced above will pave the way to further exploration of
SELENOH's biological properties by us and others.

Conclusions

Though they are critical for cell health, over half of the family of
human selenoproteins remain uncharacterized, among them

© 2023 The Author(s). Published by the Royal Society of Chemistry
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SELENOH. Recent findings indicate that this protein is a candi-
date target in the treatment of cancer; the complex nature of
cellular Sec translation has prevented study of SELENOH using
recombinant expression. This communication reported the sem-
isynthesis of SELENOH, in which the Sec-containing, C-terminal
portion of the protein was assembled from two synthetic
segments in a one-pot series of reactions, and a synthesis-
resistant, N-terminal peptide was obtained via expression as an
S43A or S43T mutant. The semisynthesis approach presented in
this study should be useful for the preparation of other hard to
access proteins. In addition to the assembly of Sec-containing
SELENOH, a Cys-containing mutant was expressed and found
to bind various DNA sequences in the micro- or sub-micromolar
range in vitro, supporting one proposed function of SELENOH.
The examination of various factors affecting the DNA binding
properties (e.g. mutations in the N-terminal region of the
sequence) is an interesting direction for further investigation,
which will be more feasible utilizing our reported synthetic
scheme. The synthetic methods honed in this work will provide
a route towards full characterization of this unique and thera-
peutically relevant protein.
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