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N,N’-diisopropylcarbodiimide
N,N’-diisopropylethylamine
dimethoxybenzyl
N,N’-dimethylformamide

dimethyl sulfoxide
3,6-dioxa-1,8-octanedithiol
2,2’-dipyridyldisulfide

dithiothreitol

1,2-ethanedithiol

equivalent

electrospray ionization

ethyl

9-fluorenylmethoxycarbonyl

reduced glutathione

oxidized glutathione
N-[(1H-benzotriazole-1-yl)(dimethylamino)methylene]-
N-methylmethanaminiumhexafluorophosphate N-oxide
1-hydroxybenzotriazole
3-hydroxy-1,2,3-benzotriazin-4(3H)-one
high-performance liquid chromatography
4-pyridylmethoxycarbonyl
matrix-assisted laser desorption/ionization
4-methylbenzhydrylamine

acetonitrile

sodium-2-mercaptoethanethiosulfonate



MPA 3-mercaptopropionic acid

MPM 4-methoxyphenylmethyl

MS mass

NAC N-alkylcysteine

NCL native chemical ligation

NMP N-methyl-2-pyrrolidone

Pbf 2.2 4.6,7-pentamethyldihydrobenzofuran-5-sulfonyl
Pys 2-pyridylsulfanyl

RP reverse-phase

SDS sodium dodecyl sulfate

SPPS solid-phase peptide synthesis
TCEP tris(2-carboxyethyl)phosphine
TFA trifluoroacetic acid

TfOH trifluoromethanesulfonic acid

TIS triisopropylsilane

TOF time of flight

Tris tris(hydroxymethyl)aminomethane

Trt trityl
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1. General Introduction

1-1. Selenium and its biological importance

Selenium, which is an essential trace element, is incorporated into proteins
genetically as a selenocysteine (Sec, U) residue (Figure 1-1). Sec containing protein
(selenoprotein) plays essential roles for health in human and other mammals, because these
proteins are now known to be implicated in various important cellular and organismal functions,
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such as immune function'! and mammalian development”” and so on. However, the importance

of selenium atom for human had not been recognized for a long time.

HS HSe
OH OH
HoN HoN
o] 0]
Cysteine (Cys, C) Selenocysteine (Sec, U)

Figure 1-1. Chemical structure of cysteine and selenocysteine.

Until the early 20th century, selenium and its inorganic compounds had been regarded only as a
toxic compound, because eating cereal grain containing high level of selenium caused the
livestock death. However, the view changed after the discovery in which factor 3, a mixture of
inorganic selenium compounds isolated from hog kidney, effectively prevented experimental
necrosis of rat liver.”! In the cases of other diseases, such as white muscle disease in cattle and
mulberry heart disease in pigs, factor 3 was also effective and the results suggested that
selenium might participate in redox reactions. Based on these findings, scientists attributed the
cause of these diseases to the insufficient selenium supply and recognized selenium as an
essential trace element. However, the precise mechanism of Se atom to prevent these diseases
was still unknown.

The direct evidence which shows a function of Se atom at the molecular level was
first reported by Flohe and co-workers. They proved the existence of selenium atom in the
glutathione peroxidase (GPx), which is one of the antioxidant enzymes, by X-ray crystal
analysis."”! Their analysis showed that selenium atom is covalently bound to the GPx. A few

years later, it was found that selenium atom is incorporated as the selenocysteine and the



encoded codon was identified as UGA ' Through these studies, selenium has recognized as not
only a toxic compound but also an essential trace element for humans and other mammals and
Sec began to be called 21st amino acid. Currently, 25 kinds of selenoproteins are found in

human (more than 50 selenoproteins known in several species) (Table 1-1).

Table 1-1. Identified selenoproteins and their functions in human.

Selenoproteins Function Selenoproteins Function
GPx families (5 types) glutathione peroxidase Selenoprotein | unknown
lodothyronine deiodinases (3 types) - thyroid hormone-activating iodothyronine deiodinase 15 kDa Selenoprotein  putative role in quality control of protein folding
Thioredoxin reductases (3 types) reducion of thioredoxin Selenoprotein M unknown
Methionine-R-sulfoxide reductase reduction of oxidized methionine residue Selenoprotein K putative role in ER-associated degradation
Selenophosphate synthetase 2 involved in synthesis of selenoproteins Selenoprotein § putative role in ER-associated degradation
Selenoprotein W unknown Selenoprotein O unknown
Selenoprotein T unknown Selenoprotein N putative role during muscle development
Selenoprotein H unknown Selenoprotein P Se transport
Selenoprotein V unknown

1-2. Biosynthesis of selenoprotein

Sec incorporation into proteins is regulated by several specific proteins. In eukaryote,
the first stage is the synthesis of selenocysteinyl-tRNAP and the second is its use for
translation in ribosome. Biosynthetic pathway of eukaryotic selenocysteinyl-tRNAB1S jg

shown in Figure 1-2."!

SerS : seryl-tRNA synthetase HSe-
PTSK : phosphoseryl-tRNAS#Sec kinase ATP
SPS2 : selenophosphate synthase 2

SecS : Sec synthase SPS2

AMP + PPi

+ATP ATP Seleophosphate

SerS PTSK SecS

AMP + PPi ADP 2Pi
tRNAISerSec Ser-tRNAISerSec PhosphoSer-tRNASeriSec Sec-tRNASerISec

Figure 1-2. Biosynthetic route of Sec-tRNA®* in eukaryote.

It starts from the aminoacylation of tRNA*! by Ser in the presence of ATP catalyzed by the

seryl-tRNA synthethase (SerS). After the acylation, the side chain hydroxy group of Ser is



phosphorylated using ATP by phosphorseryl-tRNA kinase (PSTK) and the generated
phosphoseryl-tRNAB5 j5 converted to dehydroalanyl-tRNA®* by Sec synthase (SecS) via
[-elimination. Finally, selenophosphate, synthesized from HSe and ATP catalyzed by
selenophosphate synthase 2 (SPS2), is coupled to dehydroalanyl-tRNA®">* under the SecS
catalysis. Selenocysteinyl-tRNAP5 j5 then used for translation in ribosome complex as well

as other aminoacyl-tRNAs (Figure 1-3).

selew °

5 Al )
\f SECIS : Sec insertion sequence

SBP2 : SECIS binding protein 2
eEFSec : Sec-specific eukaryotic elongation factor
L30 : ribosomal protein L30

ribosome

Figure 1-3. Mechanism of Sec incorporation into selenoproteins in eukaryote.

The characteristic feature for Sec incorporation is the presence of Sec insertion sequence
(SECIS) element, which locates at 3’-untransrated mRNA region.® Sec is incorporated to
protein at UGA, stop codon, by SECIS and other functional protein complex even though
translation of normal protein is stopped by this codon. When translation of selenoprotein
reached at UGA codon, the complex composed of the SECIS, SECIS binding protein 2 (SBP2),
Sec-specific translation elongation factor (eEFSec) and ribosomal protein L30, is formed.
Several reports demonstrated that SBP2 acts as a regulator for the selenoprotein synthesis,” "%
as the knockdown of SBP2 in mammalian cell decreases the total expression level of
selenoproteins, whereas the overexpression of SBP2 increases Sec incorporation. eEFSec acts
as recruiter for selenocysteinyl-tRNA®® to SECIS-SBP2 complex,'"! because eEFSec only
binds to selenocysteinyl-tRNA unlike the canonical elongation factor involved in 20 kinds
of amino acids incorporation. Further study indicated that ribosomal protein L30 has been
predicted to constitute a part of the basal Sec insertion machinery.'” After Sec incorporation,
the translation of selenoproteins is stopped by actual stop codon. Recently, another

)[13]

SECIS-binding proteins, eukaryotic initiation factor 4a3 (eIF4a3)"” and nucleolin'*, were



identified and proposed their roles in selenoprotein synthesis. However, function of these
proteins in the selenoprotein translation are still unclear. Further studies are required to

elucidate the physiological roles of each SECIS-binding protein.

1-3. Glutathione peroxidase (GPx)

One of the most studied selenoproteins is GPxs, which act as antioxidant enzyme. In
mammals, there are eight GPxs in which five GPxs, GPx1, GPx2, GPx3, GPx4 and GPx6, have
one Sec in their active site. The active site of other three GPxs, GPx5, GPx7 and GPx8, is
replaced by Cys. GPx1 is the most abundant selenoprotein not only in the GPx family, but also
in the entire selenoproteins in mammal, and their redox-catalytic activity has been studied
(Figure 1-4).1"!

Selenocysteine
(seleninic acid form)

Figure 1-4. X-ray structure of GPx1 (PDB code : 1gp1).!""

GPx1 catalyzes the glutathione-dependent reduction of hydroperoxides (ROOH), for example
hydrogen peroxide (H,0,), with glutathione reductase (GR) in cytosol. Three active states in the

catalytic cycle are proposed and the detail is elucidated as shown in Figure 1-5.

GR GSSG
GPx-SeH
GSH

ROOH

ROH GR : glutathione reductase
GSH :

GPx-SeSG GPx-SeOH reduced glutathione
GSSG : oxidized glutathione
ROOH : hydroperoxide
H,O GSH

Figure 1-5. Plausible catalytic cycle of GPx.



As mutational study of Sec to Cys in the GPx showed that the enzymatic activity was
approximately 1000-fold lower than native GPx,'” Sec is important for the redox reaction.
Actually, Sec has some characteristic physical properties in comparison with Cys in points that
it has lower pKa (Cys: 8.25, Sec: 5.24-5.63)!"" ") and redox potential value ((Cys),: - 215 mV,
(Sec),: - 381 mV).”” Based on the reaction mechanism as an antioxidant, several GPx mimics,
which are organoselenium compounds and peptides, have been designed and investigated.*"*

The author previously reported the structure activity relationship (SAR) study
between the GPx activity and a catalytic triad,”” which is a hydrogen bond network around Sec
proposed by X-ray crystal analysis in GPxs, composed of Sec (Cys), Gln and Trp.""” Although
the structure of catalytic triad is well conserved in GPx family, there was little evidence for their
relevance to the GPx activity. To model the catalytic triad structure, the author designed the
model selenopeptides in silico and synthesized them. As a result, selenopeptide with both Gln
and Trp revealed highest GPx-like activity than the ones in which either of the residue was
substituted to Ala.

As a promising GPx mimics, Ebselen was previously synthesized by Weiss et al. as
an antioxidant (Figure 1-6).**! When the Se-N bond is reduced in the presence of excess thiol,
the generated selenol (SeH) exhibits the GPx-like activity just like that of GPx and enters the
catalytic cycle.” In addition, *Se-labeled studies demonstrated that the selenium atom in
Ebselen is not used for the synthesis of GPx in human body and the Ebselen is excreted from
the body,”™*” accounting for its lack of toxicity. Therefore, the Ebselen is currently under

clinical phase III in Japan for antioxidant.

(0] (0]
Se-N bond reduction
N _— HN
/
Se SeH

Figure 1-6. Chemical structure of Ebselen and its active form.



1-4. Preparation of Sec containing peptide and its application for the synthesis of protein

Sec containing peptide or protein would be useful for the understanding of protein
function as well as for the development of new functional peptide or protein. Therefore,
substitution of Cys to Sec in protein has been studied by using recombinant DNA technology.
As an example in the recent studies, Sec-substituted cytochrome P450 enzymes were expressed
by some research groups.” The P450 enzymes, which are heme-dependent monooxygenases,
catalyze a variety of physiologically important oxidative reactions, such as C-H bond
hydroxylation, hetero atom oxidation and so on. A coordination of Cys thiolate to the heme iron
is believed to control the reactivity, however, the precise correlation is not clear. To explore the
effect, the P450 enzymes containing the selenolate-ligated heme were expressed by using the
Cys auxotrophic strain of E. coli, which cannot synthesize Cys due to the mutation of CysE
gene, or by using the engineered gene containing SECIS of formate dehydrogenase from E. Coli.
These results demonstrated that the Sec-substitution changes the reaction rate of C-H bond
hydroxylation, and it also suggested that the Cys thiolate controls the reactivity in the native
enzyme. However, the expression by the Cys auxotrophic strain gave the mixture with
non-substituted P450 enzyme. In addition, the use of the engineered gene containing SECIS
required the mutation of two amino acid residues other than the Cys residue due to the insertion
of SECIS. Thus, the preparation of homogeneous Sec-substituted protein by recombinant DNA
technology is still challenging.

On the other hand, chemical synthesis potentially yields Sec containing peptide and
protein easily and in high purity. Chemical synthesis of selenoglutathione, which is an analog of
glutathione, was reported in solution method.””"' Glutathione is a tripeptide composed of Glu,
Cys and Gly, and widely distributes in cells to keep the redox condition. To reduce the reactive
oxygen species (ROS), several antioxidant enzymes, such as superoxide dismutase (SOD),
catalase and GPx, and small antioxidant compounds, glutathione, tocopherol (Vitamin E) and
ascorbic acid, work in the cell. Glutathione also works for the quality control of disulfide
containing protein by disulfide reshuffling. Recently, selenoglutathione was utilized as a reagent
for oxidative folding.”"" The folding rate in the presence of selenoglutathione was faster than
that in the presence of glutathione. The result indicated that selenoglutathione could rescue the
kinetically trapped folding intermediate to the native folded state, due to its lower redox
potential than glutathione. The synthesis of selenoanalogs of biologically active peptides, such

as oxytocin and somatostatin, were also reported in solution method.’***" For example,
y



deamino-1-selenooxytocin, which is one of the selenoanalogs, revealed higher antidiuretic
activity than native oxytocin and deamino-oxytocin.

The solid-phase peptide synthesis (SPPS)”* developed by R. B. Merrifield realized
an easy and quick synthesis of peptides. The general procedure of SPPS is the removal of
protecting group at the terminal amino group followed by coupling of N-protected amino acid to

the resin (Figure 1-7).

OO0O00OO00000

PG | 00000000000
| Deprotection
N~ () —— N_Q Q 00C000000Q
ﬁ)GCWp“ng l'CIeavage
HN—)—COOH EZ
PG : protecting group : amino acid O: resin
(Boc or Fmoc) Synthetic peptide

(less than 50 amino acid residues)

Figure 1-7. Outline of solid-phase peptide synthesis (SPPS).

These steps are repeated until the completion of the chain assembly from C terminal to N
terminal direction. Metalloselenonein, in which all of seven Cys are substituted with Sec, was
synthesized Boc-assisted SPPS by automated peptide synthesizer.”” Native metallothionein is
involved in the provision of physiological metal ions for the metalloenzymes. It also acts for the
detoxification of heavy metals by binding them to thiol groups on the Cys. The substitution to
Sec showed that three copper ions bind to metaloselenonein per molecule compared with six
copper ions per molecule in the native one. The less binding activity was explained by the ionic
radius between sulfur and selenium. The report indicated probability that Sec-substitution of
Cys in the peptide (protein) could change its function. It has to be noted that the synthesis of
Sec-containing peptide by the Fmoc method is difficult, due to the sensitivity of Sec to the
piperidine treatment. It causes the dehydroalanine formation via -elimination and subsequent
the formation of piperidine adduct by Michael addition.”® Thus, the repeated piperidine
treatments to Sec-containing peptide in the synthesis significantly reduces the synthetic yield.

In the synthesis of protein with more than 100 amino acid residues, segment
condensation method should be applied, because SPPS can be usually applied to the synthesis
of peptide with less than 50 amino acid residues due to the increase of the side products. Kent

and co-workers reported that thioester based segment condensation method, the native chemical



ligation (NCL) method (Figure 1-8 a).””

(a) (b)

SH o HS NH; o SH g NH; o
Ho 51+ iy CEopide ) on rn-CPaide ) s+ 1L Paptde ) o
OH

Q OH
extra thiol

SH o SH o

N
HQN N o HZN N o
vy CPepioe ) or oH

OH OH

l Se-to-N acy shift

S-to-N acy shift
l deselenization

SH o NH, o)

SH o Hhs NH, o
o Gt o Crapid ) on
H O
OH

OH

Figure 1-8. Outline of NCL method (a) and deselenization based Sec-mediated NCL (b).

The NCL method can condense peptide thioester and peptide with Cys at its N-terminus. The
reaction proceeds via transthioesterification between two peptides, and the formed
intermolecular thioester bond spontaneously rearranges via S-to-N acyl shift to form native
amide bond. The NCL method is widely used for the chemical synthesis of protein, although
Cys is necessary at the ligation site. To expand the utility of NCL method, conversion of Cys to
Ala by desulfurization® and the use of B-thiol containing amino acid derivatives were reported.
However, if Ala is selected as a ligation site and if the protein has native Cys residue(s) in the
sequence, the native Cys residue(s) has to be protected to avoid the undesired desulfurization.
That is, the additional deprotection step is needed.

Sec has been used for the NCL reaction, due to its similar structure with Cys
(Sec-mediated NCL). In addition, the reaction rate increases compared to that by using Cys due
to the high nucleophilicity of Se. Further, Dawson et al. demonstrated that Sec can be easily
converted to Ala after ligation by deselenization following the same procedure for the
desulfurization of Cys.”” The deselenization selectively proceeds under the mild radical
reaction without desulfurization of Cys due to the weaker Se-C bond relative to the S-C bond
(Figure 1-8 b). Therefore, Cys needs no protection during the Sec-mediated NCL method to
give the synthetic protein efficiently. Thus, the Sec-mediated NCL with deselenization has an

advantage over the NCL at Cys site combined with desulfurization.



In spite of the usefulness of the Sec for the ligation reaction, the synthesis of
Sec-containing proteins is usually difficult, as the Selenium atom is easily removed by
[-elimination during the SPPS and ligation reactions as described above. Therefore, a few
reports on the synthesis or semi-synthesis of Sec-substituted proteins of, such as RNase A,*
BPTI*" azurin*? and selenoprotein M (SELM) as well as selenoprotein W (SELW),"** by
Sec-mediated NCL exist. Further study will give us some insights for breakthrough to

synthesize and design the Sec containing peptide-based functional compound.

1-5. Purposes of this study

Due to the increasing recognition that selenium is an essential trace element for
humans, the function of selenoproteins has attracted much attention. Therefore, chemists have
been attempting to utilize selenium for the chemical protein synthesis as well as for
development of new functional compounds. However, the synthetic procedure for the
selenopeptide and selenoprotein has not been practical, especially, by the Fmoc method. This
results in the premature understanding and application of selenoprotein. To overcome this
problem, the author first describes the SPPS of selenopeptides by the Fmoc method and its use
for novel selenoinsulin synthesis in chapter 2. The utilization of selenium can probably provide
more potent synthetic method for the protein, even though the Sec-mediated NCL and
subsequent the deselenization has already been developed. To expand the usefulness of
selenium for the chemical protein synthesis, the author also describes the reactivity of a peptide
aryl selenoester in a ligation chemistry and development of one-pot four-segment ligation by

using the selenoester in chapter 3.
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2. Preparation of Selenoinsulin as a Long-Lasting Insulin Analogue

2-1. Introduction

Insulin, a small globular protein (5.8 kDa), comprises two peptide chains, the
A-chain (Ins-A, 21 amino acid residues) and B-chain (Ins-B, 30 amino acid residues). The
native structure in a monomeric active state is stabilized by two interchain disulfide bridges,
All

Cys*'-Cys”” and Cys**-Cys®"”, in addition to one intrachain disulfide linkage, Cys"*-Cys
(Figure 2-1).!

1 | 7 | 20
H-GIVEQCCl:ASVCSLYQLENYclzN-OH Ins-A
6 11 21
S S
| /
] ]
1 30
H-FVNQHLCGSHLVEALYLVCGERGFFYTPKA-OH Ins-B
7 19

Figure 2-1. Primary sequence and disulfide pattern of wild-type bovine pancreatic insulin
(BPIns).

Considerable efforts have been directed toward development of various insulin analogues

which imitate either bolus secretion of insulin for expeditiously reducing postprandial blood

D1 or basal secretion of insulin to control the glucose level for an entire day."* The

glucose levels
latter long-acting analogues have been designed so that insulin forms infusible precipitates or
soluble oligomers (hexamer or dihexamer) under physiological conditions and slowly releases
active insulin monomers.

In contrast, the insulin-degrading enzyme (IDE) is a possible alternative target for
diabetes therapy. IDE, which is involved in clearance of insulin and amyloid B (AB)," is found
in the liver and kidneys. Recent research has revealed that synthetic IDE inhibitors increase
circulation of insulin by preventing its degradation in the liver, thus resulting in improvement of
the postprandial glucose tolerance.'’ However, other research suggests that IDE inhibitors could
induce accumulation of Af in the brain,” and would lead to AB-mediated cognitive impairment.
Hence, the design of long-lasting insulin analogues resistant against IDE would be desirable.™

In this study, we have attempted a new approach to a long-lasting insulin analogue

by exploiting the unique chemical properties of a diselenide bond. Namely, introduction of two
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juxtaposed selenium atoms to the insulin analogue could lead to a higher kinetic and
thermodynamic stability than that of the wild-type without affecting the bioactivity. This new
strategy is based primarily on the higher rotational barrier of a Se-Se bond (ca. 4 kcal mol™)
than that of an S-S bond (ca. 3 kcal mol™),”” and secondarily on the differing redox potentials of
diselenides (E’, -381 mV) and disulfides (E’, -215 mV),"” even though the structural features
of a Se-Se and S-S bond are very similar to each other.

The lower redox potential of a Se-Se bond is also advantageous for preparation of a
diselenide insulin analogue (selenoinsulin) because formation of a Se-Se bridge should occur
independently of the presence of additional cysteine residues, and thus facilitate the correct
oxidative folding of cysteine-rich peptides. This advantage was already fully confirmed by the
quantitative oxidative production of the natural isomer of endothelin'"! and both the natural and
non-natural isomers of apamin."'” More recently, it was successfully used in the generation of
the correct natural diselenide/ disulfide isomers of many cysteine-rich peptides (for reviews see
Ref. [13]). The obtained Sec-substituted peptides were found to retain the native structures with
biological activities comparable to those of the wild-types, thus confirming the isomorphous
structural character of the Se-Se versus the S-S bridges.!**“'* By employing bovine pancreatic
insulin (BPIns; Figure 2-1) as a model protein, we designed a new selenoinsulin analogue in
which Cys*” and Cys®” are replaced with two selenocysteine (Sec; U) residues. We chose this
strategy not only because it would bring significant conformational stabilization around the
solvent-exposed Cys™’-Cys®” bridge by substitution with a more robust Se-Se bridge, but also
because it would inhibit undesired formation of the swap species having an incorrect

Cys**-Cys®’ bridge "

2-2. Results and discussion

Preparation and characterization of selenoinsulin

We first prepared the two selenopeptides, Se-Ins-A and Se-Ins-B, by applying Fmoc
method. The synthesis of Se-Ins-A was started from Fmoc-Asn(Trt)-CLEAR acid resin and the
peptide chain was elongated by the conventional Fmoc method except for Sec residue. For the
introduction of Sec, Fmoc-Sec(MPM)-OH was utilized. Once Sec was introduced to the resin,
the solvent was changed from N-methyl-2-pyrrolidone (NMP) to dichloromethane (DCM) in

order to suppress the (3-elimination by decreasing the solvent polarity. Although the peptide
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chain elongation succeeded without 3-elimination, the fully reduced and unprotected form of
the Se-Ins-A could not be obtained as a single product, probably because of facile formation of
either the intrachain Se-S or S-S linkage at various positions. Thus, the obtained peptide was
cleaved from the resin by TFA and simultaneously protected by 2,2’-dipyridyldisulfide (DPDS)
to give the Se-Ins-A (1) as a 2-pyridylsulfanyl (Pys)-protected derivative with one Se-S linkage
in 9% yield (Figure 2-2).

Fmoc-Asn(Trt)-O-CLEAR acid resin (OH-resin)
X—X o

(At ) on

C peptide elongation by Fmoc-mehod
\ [
X-SPy X-SPy

SeMPM

1) 20% piperidine / NMP, 2) FmocHN L'(OH , DIC, HOBt / DCM

o X =SorSe

------. acetonitrile (%)

C 1) 20% piperidine / DCM, 2) Fmoc-amino acid, DIC, HOBt / DCM

Relative absorbance at 220 nm

H-Gly-lle-Val-Glu(OBu!)-GIn(Trt)-Cys(Trt)-Sec(MPM)-Ala-Ser(Bu?)-Val-Cys(Trt)-Ser(Buf)-
Leu-Tyr(BuY)-GIn(Trt)-Leu-Glu(OBu’)-Asn(Trt)-Tyr(Bu)-Cys(Trt)-Asn(Trt)-O-resin

1 1 1 ]
5 10 15 20 25
Retention Time / min

°r 4

lTFA cocktail (TFA-DPDS-TIS-H,0,90:5:2.5:25),r.t.,2h

Se-Ins-A 1 (9%)

Figure 2-2. Preparation of Se-Ins-A and the RP-HPLC profiles. Elution conditions: column,
Mightysil RP-18 GP II (4.6 x 150 mm, Kanto Chemical, Japan) at the flow rate of 1 ml/ min;
eluent, A,0.1% TFA, B, acetonitrile containing 0.1% TFA.

According to reverse-phase (RP) HPLC analysis, 1 contained a single component, but the exact
position of the Se-S linkage could not be determined. To obtain the Se-Ins-B, we also
synthesized it by Fmoc method in the same manner. After the peptide chain assembly, the
obtained peptide was cleaved from the resin by TFA and the crude was then treated under the
high-TfOH condition."® After purification by RP-HPLC, desired Se-Ins-B (2) with

intramolecular selenenyl sulfide was obtained in 6% yield (Figure 2-3).
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Fmoc-Ala-O-Wang resin LL (OH-resin)
C peptide elongation by Fmoc mehod Se s o

SeMPM
| Han-C Benam ) on

i high-acidity TfOH
4°C,1h

1) 20% piperidine / NMP, 2) FmocHN J/\,(OH , DIC, HOBt / DCM
o)

1) 20% piperidine / DCM, 2) Fmoc-amino acid, DIC, HOBt / DCM

H-Phe-Val-Asn(Trt)-GIn(Trt)-His(Trt)-Leu-Sec(MPM)-Gly-Ser(Bu)-His(Trt)-Leu-Val-Glu(OBu)
-Ala-Leu-Tyr(Bu')-Leu-Val-Cys(Trt)-Gly-Glu(OBu')-Arg(Pbf)-Gly-Phe-Phe-Tyr(Bu)-Thr(Bu’)-
Pro-Lys(Boc)-Ala-O-resin

TFA cocktail (TFA-TIS-H,0,95:2.5:25),r.t,2h

Relative absorbance at 220 nm
------. acetonitrile (%)

H-Phe-Val-Asn-GIn-His-Leu-Sec(MPM)-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-
Tyr-Leu-Val-Cys-Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala-OH

L | I Il
0 5 10 15 20 25
high-acidity TFOH (TFA-TfOH-Thioanisole, 15:2:2).4°C, 1 h Retention Time / min

Se-Ins-B 2 (6%)

Figure 2-3. Preparation of Se-Ins-B and the RP-HPLC profiles. Elution conditions are the same
as those of Figure 2-2.

The oxidative chain assembly was initiated by treatment of the 1:1 mixture of 1 and 2
with DTT (four equivalents with respect to the sum of Sec and Cys residues), which according
to its redox potential'” should remove the Pys groups from the Cys residues as well as reduce
the Se-S linkages between the Sec and Cys residues, at 4 °C in a sodium bicarbonate buffer
solution at pH 10.0 containing 0.75 M urea to prevent aggregation of 1. The reduced peptides 1
and 2, with free thiol (SH) and selenol (SeH) functional groups, were subsequently allowed to
assemble spontaneously under thermodynamic control by air oxygen. After 1 minute, an aliquot
of the solution was taken, and the reaction was quenched with aqueous 2-aminoethyl
methanethiosulfonate (AEMTS),"” which rapidly converted the free SH and SeH groups into
-SSCH,CH,NH;* and -SeSCH,CH,NH;", respectively. The folding intermediates present in the
reaction solution were then analyzed by RP-HPLC (Figure 2-4) and MALDI-TOF-MS analysis.
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Figure 2-4. Oxidative folding of Se-Ins and the RP-HPLC profiles. Elution conditions are the
same as those of Figure 2-2. Folding of Se-Ins was initiated by addition of DTT under the
conditions of [1] = [2] = 184 mM, [DTT] = 4 mM, and [urea]=0.75 M at 4 °C. The symbols
indicate. A=fully reduced 1, B-D = 1SeS*, E and F = fully oxidized 1 having one S-S and one
Se-S linkage, G=reduced 2, 3=native Se-Ins, H=oxidized 2, I=[Se-Ins- B], = a homodimer of
Se-Ins-B, 1’ = Se-Ins-A-DTT, conjugate with two SH groups, and 2’ = Se-Ins-B-DTT,
conjugate.

Various species, that is, 1SeS of 1 (peaks B, C, and D) and reduced forms of 1 and 2 (peaks A
and G), were identified along with oxidized 2 (peak H). A homodimer of Se-Ins-B (peak I) was
also observed in a significant amount. After 24 hours, most of the species initially observed
converged to the major product (3), concomitantly generating the fully oxidized 1 (peaks E and
F) and some unidentified species as minor products (Figure 2-4). The major product was then
isolated and characterized as correctly folded selenoinsulin (Se-Ins) by single-crystal X-ray
analysis. The yield of the isolated product was up to 21 % as determined by amino-acid analysis.
By optimizing the reaction conditions (see experimental section), the yield could be slightly
increased to 24 % by use of TCEP, instead of DTT, as a reductant to initiate the chain-assembly
reaction. The yield was further increased to 27% when the chain assembly was carried out in the
presence of less urea (0.5 M). It is worth noting that this preparation is the first example to show
that the Cys-to-Sec substitution method"*" is effective for the oxidative folding of
heterodimeric proteins. The crystal structure of Se-Ins thus isolated was determined at 1.45 A
resolution by the single anomalous dispersion (SAD) method using anomalous scattering of the

selenium atoms (Figure 2-5).
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Figure 2-5. A) Superposition of X-ray crystal structures of Se-Ins (blue; PDB code: 5azz) and
BPIns (gray; PDB code: 2bn3). B) Comparison of the N-terminal regions of B-chains between
BPIns (left panel) and Se-Ins (right panel). Shorter distances between Phel and its adjacent
residues in the B-chain of Se-Ins suggest that the N-terminal half of the B-chain is more tightly

packed in Se-Ins.

Superposition of the X-ray crystal structures of Se-Ins and BPIns (PDB code: 2bn3)"*
demonstrates that Se-Ins has a nearly identical structure to that of BPins with an RMSD of
0.985 A over all identical atoms in both structures (Figure 2-5 A) though small but significant
changes have been induced by the diselenide bond substitution as described below. The two Sec

residues form a diselenide bridge at the native position.

Bioassay and IDE degradation assay of Se-Ins

The results of the X-ray analysis suggest that the function of Se-Ins should be
comparable to that of native BPIns. This function was confirmed by experiments using cultured
cells (Figure 2-6). Upon stimulation by Se-Ins, the phosphorylation levels of Akt and GSK3[3
were significantly increased in HeLa cells, as by stimulation with BPIns."” The data indicate
that Se-Ins, as well as the synthetic folded BPIns, retain the physiological activity of insulin

even after replacement of an interchain disulfide with a diselenide bridge.
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Figure 2-6. Se-Ins or refolded BPIns activates insulin signaling pathway. A) Whole-cell lysates
analyzed by immunoblotting. B) The quantitative data. Bars are shown as means + SEM (n=3).
The signal intensity of phosphorylated Akt and phosphorylated GSK3[3 was normalized against
that of Akt and GSK3p, respectively.

The rate of degradation by IDE was subsequently compared for Se-Ins and BPIns. By treating

the insulin samples with IDE at 30 °C in a Tris buffer solution at pH8.0, a number of digested

peptide fragments were produced as revealed by RP-HPLC analysis (see experimental section).

Of interest, the degradation rate of Se-Ins was about eight times slower than that of BPIns in

terms of the half lifetime (t,, = 8 h for Se-Ins vs.= 1 h for BPIns), thus strongly suggesting a

long-lasting nature of Se-Ins in vivo (Figure 2-7).
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Figure 2-7. Degradation of BPIns and Se-Ins by insulin-degrading enzyme (IDE). Quantitative
analyses of native BPIns (black) and Se-Ins (red). Values are the mean + SD of thee

independent experiments.
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Though not fully evidenced, the following scenarios could account for this observation. Firstly,
replacement of the solvent-exposed Cys"’-Cys"’ bridge with a diselenide bond, which is more
resistant to reduction and internal bond rotation, should confer extra structural robustness on the
insulin fold, thus resulting in the enhanced resistance to IDE degradation. The second scenario
could be drawn based on the local stabilization around the N- and C-terminal regions of Se-Ins.
The crystal structure of the IDE-Ins complex showed that the N- and C-terminal regions of each
chain are partially unfolded at the initial step of the degradation by IDE.”” Local
conformational changes induced by the Se-Se bond substitution enhances the interactions
between the N-terminus (Phe®') and its neighboring residues in the Se-Ins B-chain (Figure 2-5
B). We also note that water-mediated interactions involving Thr®”’, Tle**, and Tyr*" are further
stabilized at the interface of the N-terminal region of the A-chain and the C-terminal region of
the B-chain in Se-Ins (see experimental section). Such local stabilization found in the N- and
C-terminal regions likely allows Se-Ins to prevent the partial unfolding by IDE to a significant

extent.

Summary of this work

In summary, we have applied the Cys-to-Sec substitution methodology to chain
assembly/folding of BPIns and have succeeded in the synthesis of a new [C7U*,C7U®] variant
of insulin in reasonable yields upon isolation (up to 27 %). The molecular structure, determined
by X-ray crystallography, reveals that the replacement of the Cys"’-Cys®’ bridge with a
diselenide bond exerts only a marginal effect on the native insulin structure. In accord with this,
Se-Ins exhibited a bioactivity comparable to that of BPIns in the phosphorylation assays of Akt
and GSK3f using HeLa cells. Meanwhile, the degradation rate by IDE was greatly decreased
(t1, = 8 h for Se-Ins vs. = 1 h for BPIns), presumably because of the intrinsic stability of the
diselenide bond as well as to the slight but significant changes in the local configuration
induced by the replacement. Thus, Se-Ins could be a new class of long-acting insulin analogues

for diabetes therapy.

2-3. Experimental section

Materials and Methods

Bovine pancreatic insulin (BPIns) of commercialized product as a standard was
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purchased from Sigma Aldrich, Japan and used without purification. AEMTS was synthesized
according to the literature methods.!"”” All other general reagents were commercially available
and used without further purification.
N-(9-Fluorenylmethoxycarbonyl)-Se-(p-methoxyphenylmethyl)selenocysteine,

Fmoc-Sec(MPM)-OH, was synthesized by the literature method.""

General procedure for the synthesis of Se-Ins-A (1) and Se-Ins-B (2)

The SPPS of selenopeptides was carried out by the Fmoc method. Once
selenocysteine (Sec; U) was introduced to a resin, solvent was changed from
N-methyl-2-pyrrolidone (NMP) to dichloromethane (DCM). Completion of the couplings was
assessed by the Kaiser test. The obtained Se-Ins-A-resin and Se-Ins-B-resin were treated with
TFA cocktail A (TFA-2,2’-dipyridyldisulfide-triisopropylsilane-H,0, 90 : 5 : 2.5 : 2.5) and TFA
cocktail B (TFA-triisopropylsilane-H,O, 95 : 2.5 : 2.5), respectively, and the mixture was
vortexed for 2 h at room temperature. The crude of MPM-protected Se-Ins-B was further treated
with high-acidity TfOH (TFA-thioanisole-TfOH = 15:2:2). After purification by RP-HPLC, the
obtained selenopeptides, Se-Ins-A (1) and Se-Ins-B (2), were characterized by
MALDI-TOF-MS, RP-HPLC, and amino acid analysis (AAA). The AAA sample was prepared
by hydrolyzing the solution with 6 M HCl at 150 °C for 2 h in an evacuated sealed tube. Details

of procedures for the synthesis of 1 and 2 are given below.

SPPS of selenoinsulin A-chain (1)

The standard Fmoc-SPPS protocol using
O-(1H-benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HBTU) as a
condensing reagent was employed. Fmoc-Asn(Trt)-CLEAR acid resin (710 mg, 0.2 mmol) was
swelled with NMP for 1 h at room temperature. After removing the NMP, the resin was treated
with 20% piperidine/NMP for 5 min with vortex mixing. After the deprotection reaction was
repeated with fresh 20% piperidine/NMP for 15 min, the resin was washed with NMP (x5).
Fmoc-Cys(Trt)-OBt, which was prepared by mixing Fmoc-Cys(Trt)-OH (470 mg, 0.8 mmol),
0.5 M HBTU/DMF (1.5 mL) and DIEA (0.3 mL, 1.6 mmol) for 3 min, was added to the resin.
The mixture was vortexed for 12 min at room temperature. After the coupling, the resin was
washed with NMP (x3). The unreacted amino groups were acetylated by using 10% Ac,0O and
5% DIEA in NMP for 5 min. By applying a similar peptide-elongating method,
Fmoc-Ala-Ser(Bu')-Val-Cys(Trt)-Ser(Bu')-Leu-Tyr(Bu')-GIn(Trt)-Leu-Glu(OBu')-Asn(Trt)-Ty
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r(Bu’)-Cys(Trt)-Asn(Trt)-CLEAR acid resin was yielded. A part of the obtained resin (50 pmol)
was treated with 20% piperidine/DCM and then washed with DCM. Fmoc-Sec(MPM)-OBt,
which was prepared by mixing Fmoc-Sec(MPM)-OH (64 mg, 130 pumol), DIC (31 pL, 200
pmol) and HOBt (26 mg, 200 pmol) in DCM (0.40 mL) for 20 min at room temperature, was
added to the resin, and the mixture was vortexed for 30 min at room temperature. After the
coupling, the resin was washed with 50% MeOH/DCM (x1) and DCM (x3). The unreacted
amino groups were acetylated by using 10% Ac,0 and 5% DIEA in DCM for 5 min. The resin
was washed with DCM (x3) and treated with 20% piperidine/DCM for 5 min. The deprotection
reaction was repeated with fresh 20% piperidine/DCM for 15 min. The resin was washed with
DCM (x5). Fmoc-Cys(Trt)-OBt, which was prepared by mixing Fmoc-Cys(Trt)-OH (120 mg,
200 pmol), DIC (63 pL, 400 umol) and HOBt (54 mg, 400 pmol) in DCM (0.80 ml) for 20
minutes at room temperature, was added to the resin, and the mixture was vortexed for 30 min
at room temperature. Fmoc-GIn(Trt)-OH (190 mg, 200 pwmol), Fmoc-Glu(OBu’)-OH (93 mg,
200 pmol), Fmoc-Val-OH (70 mg, 200 pmol), Fmoc-lle-OH (73 mg, 200 pmol), and
Fmoc-Gly-OH (62 mg, 200 umol) were sequentially introduced to the resin by the DIC-HOBt
method in DCM. The N-terminal Fmoc group was finally deprotected. The resulting resin was
washed with DCM (x3), Et,0O (x3) and dried in vacuo to yield
H-Gly-Ile-Val-Glu(OBu")-GIn(Trt)-Cys(Trt)-Sec(MPM)-Ala-Ser(Bu’)-Val-Cys(Trt)-Ser(Bu')-
Leu-Tyr(Bu')-GIn(Trt)-Leu-Glu(OBu')-Asn(Trt)-Tyr(Bu’)-Cys(Trt)-Asn(Trt)-CLEAR acid resin
(390 mg). A portion of the obtained resin (50 mg, 6.5 umol) was treated with TFA cocktail A (1
mL) for 2 h at room temperature. After the removal of TFA by N, stream, the deprotected
peptide was precipitated with Et,O, washed with Et,O (x3) and dried in vacuo. The residue was
purified by RP-HPLC to give Se-Ins-A 1 derivative,
(H-Gly-Ile-Val-Glu-GIn-Cys-Sec-Ala-Ser-Val-Cys-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-A
sn-OH)+2Pys (540 nmol, 9%). MALDI-TOF-MS (m/z) found: 2603.43, calcd for [M+H]":
2602.91. Amino acid analysis: Asp, ¢sSer, ;5Glus ;5Gly,Alay g, Val, 41ley ssLeu; g Tyr, 70.

SPPS of selenoinsulin B-chain (2)

By applying  similar  procedure, the <crude resin of  Se-Ins-B,
H-Phe-Val-Asn(Trt)-Gln(Trt)-His(Trt)-Leu-Sec(MPM)-Gly-Ser(Bu)-His(Trt)-Leu-Val-Glu(O
Bu’)-Ala-Leu-Tyr(Bu')-Leu-Val-Cys(Trt)-Gly-Glu(OBu')-Arg(Pbf)-Gly-Phe-Phe-Tyr(Bu')-Thr
(Bu')-Pro-Lys(Boc)-Ala-Wang resin LL (330 mg) was yielded. A portion of the obtained resin

(59 mg, 8.9 umol) was treated with TFA cocktail B (1 mL) for 2 h at room temperature. After
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the removal of TFA by N, stream, the crude peptide was precipitated with Et,0, washed with
Et,0 (x3) and dried in vacuo. The obtained crude peptide was dissolved in high-acidity TfOH
cocktail, and the solution was then incubated at 4 °C for 1 h. The resulting crude peptide was
precipitated with Et,0, washed with Et,0 (x3), dried in vacuo, and purified by RP-HPLC to
give oxidized Se-Ins-B 2,

H-Phe-Val-Asn-GlIn-His-Leu-Sec-Gly-Ser-His-Leu-Val-Glu-Ala-
Leu-Tyr-Leu-Val-Cys-Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala-OH (540 nmol, 6.1%).
MALDI-TOF-MS (m/z) found: 3445.09, calcd for [M+H]*: 3444.61. Amino acid analysis:

Asp, o, Thr geSer; 3Glu, 40Pro; 7,Gly; jpAla, osVal, z5leu, o Tyr, 1sPhe;Lys; oHis, g3Arg, go.

Two-chain oxidative folding of Se-Ins (3)

A solution of Se-Ins-A (1) (91.8 nmol) in a sodium bicarbonate buffer (25 mM, pH
10.0, 245 pL) containing urea (1.5 M) was mixed with a solution of Se-Ins-B (2) (91.8 nmol) in
the same buffer (245 pL) without urea. The oxidative folding reaction was initiated by addition
of DTT™ (0.3 mg, 2 umol) in a sodium bicarbonate buffer solution (25 mM, pH 10.0, 10 pL)
containing urea (0.75 M) to the solution containing 1 and 2. The mixture was incubated at 4 °C.
To monitor the reaction progress, small aliquots (5 pL) were taken from the mixture, quenched
by addition of aqueous AEMTS solution (7 mg/mL. 200 pL), diluted with 0.1% TFA (800 pL)
in water, and analyzed the HPLC system equipped with a sample solution loop (1 mL) and a
Mightysil RP-18 GP II 4.6 x 150 reverse phase column, which was equilibrated with a 80:20
(v/v) mixture of TFA (0.1%) in water (eluent A) and TFA (0.1%) in acetonitrile (eluent B) at a
flow rate of 1 mL/min. After injection of the sample solution (700 pL) onto the HPLC system, a
solvent gradient was applied: a ratio of eluent B linearly increased from 20% to 45% in 0-25
min. The folding intermediates produced were detected by the absorbance at 220 nm. After
completion of the reaction, generated Se-Ins was isolated through a C18 column by HPLC and
lyophilized. The Se-Ins 3 was obtained as white powder (19.1 nmol, 21%). MALDI-TOF-MS
(m/z) found: 5827.7, caled for [M+H]": 5827.3. Amino acid analysis:
Asp;14Thry g, Ser, 5;Glug 3,Gly, 14Alas 55 Vals polleg g, Leug 1o Tyr, ,PhesLys, ¢ His| goArg, oo- The
synthesis was repeated at least three times. The yields were 18 + 3% under the same conditions

and 12 to 27% under various reaction conditions.

Two-chain oxidative folding of wild-type BPIns.

Solutions of the A-chain (R*) and B-chain (R®), which were obtained by the
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reduction of native BPIns with DTT™, were prepared by dissolving R* or R® in a sodium
bicarbonate buffer solution (25 mM at pH 10.0) containing urea (1 or 2 M, respectively) and
EDTA (1 mM). The solutions were diluted with the same buffer solution to adjust the
concentrations. The solutions were chilled at 4 °C for 15-30 min. The folding was initiated by
vigorously mixing the R* solution (75 pL) with the R® solution (75 pL) for 15 s, and the
mixture was immediately diluted with a sodium bicarbonate buffer solution (25 mM at pH 10.0,
100 pL) containing EDTA (1 mM) at 0°C. After a certain period of time, the aliquot (20 pL)
was transferred into an aqueous AEMTS solution (8 mg/mL, 200 pL) chilled at 4 °C in a
micro-centrifuge tube. After 15 min, the sample solution was diluted with an aqueous TFA
solution (0.1%, 800 pL) and stored at —30 °C. The sample solution (1 mL) was analyzed by the
HPLC system equipped with a sample solution loop (1 mL) and a Tosoh TSKgel ODS-100V
4.6 x 150 reverse phase (RP) column, which was equilibrated with a 80:20 (v/v) mixture of
TFA (0.1%) in water (eluent A) and TFA (0.1%) in acetonitrile (eluent B) at a flow rate of 1.0
ml/ min. A solvent gradient (i.e., a ratio of eluent B linearly increased from 20% to 36% in 015
min, from 36% to 39% in 15-20 min, from 39% to 40% in 20—23 min) was applied. The folding

intermediates produced were detected by the absorbance at 280 nm.

X-ray crystal structure analysis of Se-Ins

Se-Ins obtained above was purified by RP-HPLC and lyophilized. The lyophilized
Se-Ins was dissolved in 20 mM HCI containing 0.57 mM ZnCl, to obtain the sample of 9 mg/ml.
After centrifuge at 15,000 rpm for 15 min, the supernatant was used for crystallization. Crystals
of Se-Ins were grown by sitting-drop vapor diffusion in a mixture of 0.5 M NaCl, 0.1 M Sodium
citrate (pH 5.6), and 2% (v/v) ethylene imine polymer at 20 °C. Crystals grew within a few day
and were cryo-protected in 0.6 M NaCl, 0.1 M sodium citrate (pH 5.6), 2% (v/v) ethylene imine
polymer, and 35% (v/v) ethylene glycol. The X-ray diffraction data were collected on beamlines
BLIA and 17A at the Photon Factory and were processed with XDS.”” The structure was
determined by the single anomalous dispersion (SAD) method, using the anomalous scattering
of Se atoms in selenocysteine. The substructure determination and initial automated model
building were performed with AutoSol in PHENIX.” The models were further built with
COOT"™ and refined with PHENIX. The final models were validated with MolProbity .

Structural figures were prepared with PyMOL .
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Cell culture and Insulin stimulation assay

HeLa cells (obtained from ATCC) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Nacalai tesque, Kyoto, Japan) supplemented with 10% fetal calf serum. For
the insulin stimulation assay, 1 x 10 cells were plated in 35 mm plates, cultured for 24 h and
serum-starved with DMEM for additional 16 h. Cells were then stimulated with 1 pM native
BPIns, folded BPIns or Se-Ins and incubated at 37 °C for 2.5 min. 10 uM HCI was used as a
vehicle control. Whole cells were lysed in 1 x sample buffer and cell pellets were homogenized
by sonication and then denatured by boiling. The lysates thus prepared were separated by
SDS-PAGE and protein bands were visualized by immunoblotting analyses using
anti-phosphorylated-Akt (Cell signaling), anti-Akt (Cell signaling),
anti-phosphorylated-GSK3f (Cell signaling) and anti-GSK3p (Chemicon) antibodies. The

signal intensities were measured using ImageJ software (NIH).

Degradation of BPIns and Se-Ins by insulin-degrading enzyme

Insulin-degrading enzyme (IDE) was purchased by Novoprotein Scientific Inc.
Native BPIns (2.1 uM) and Se-Ins (2.1 uM) were mixed with 21 nM IDE and incubated at 30°C
in buffer containing 0.1 M Tris-HCI pH 8.0. The digested mixtures were analyzed by RP-HPLC
(GL Science) equipped with a COSMOSIL 5C18-AR-II column (Nacalai Tesque), and eluted
using a linear gradient of CH,CN in 0.05% TFA from 5% to 65% at a rate of 1% min', with

detection at an absorbance of 220 nm.
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Table 2-1. Optimization of the oxidative chain assembly conditions

Quantity of

Quantity of Reaction | Isolated

Se-Ins-A Urea Reaction Temp

entry Se-Ins-B (2) pH time yield
1) M) initiators (°O)

(nmol) (h) (%)

(nmol)
91.8 91.8

1 0.75 DTT™ (3mM) 4 10 3 14
(500 uM) (500 uM)
91.8 91.8

2 0.75 DTT™ (6 mM) | 4 10 6 19
(500 uM) (500 uM)
91.8 91.8

3 0.75 DTT™ (12 mM) | 4 10 24 21
(500 uM) (500 uM)
91.8 91.8

4 0.75 DTT™ (24 mM) | 4 10 24 16
(500 uM) (500 uM)

5 91.8 91.8 0.75 GSH:GSSG A 0 72 12
(200 uM) (200 uM) (10 : 1 mM)

6 91.8 91.8 0.75 TCEP (14 mM) | | o |7 24
(210pM) (210pM)

7 138 138 0.5 DTT™ 484 10 24 19
(200 uM) | (200 uM) mM)

8 500 500 05 DTT™ (484 10 |24 27
(200 uM) (200 uM) mM)

9 1000 1000 0.5 DTT™ 484 10 24 21
(200 uM) (200 uM) mM)
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Table 2-2: Data collection and refinement statistics for Se-Ins.

Data collection

Space group 12,3
Cell dimensions
a=b =c (A) 77.99
Resolution (A) 39-1.45
(outer shell) (1.48-1.45)
Refs. total/unique 311312/27239
Completeness (%)“ 100 (99.8)
Redundancy 114
l/o ()" 12.2 (2.6)
Riperge (%)™ 12.4 (93.3)
CC," 0.99 (0.80)
Refinement
Ryon/ Riree (%0)"¢ 16.83/19.16
R.m.s. deviations

bond length (A) 0.017

bond angles (°) 1.063
Ramachandran plot

favored (%) 100

allowed (%) 0

outliers (%) 0

*Values in parentheses are for the high-resolution shell.

meerge = 2l I-<I,>I/Z<I;>, where I, is the observed intensity and <I,>is the average intensity

over symmetry equivalent measurements.

‘CC,,: The correlation coefficient between average intensities of random half data sets

Ryox = 2IF-FJIZIF|, where F, and F, are observed and

respectively.
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calculated structure factors,



“Riee 1S the same as R, but calculated for 5% of randomly chosen reflections that were

omitted in the refinement.

Selns

A-chain
N-terminus

B-chain
C-terminus

A-chain
N-terminus

Figure 2-8. Close up view of the interaction between the C terminal region of the B-chain and

the N-terminal region of the A- chain in Se-Ins (left panel) and BPIns. Hydrogens bonds are

represented by orange broken lines.
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peptide fragments

peptide fragments N L e MR

HPLC retention time HPLC retention time

Figure 2-9. Degradation of BPIns (left) and Se-Ins (right) by insulin-degrading enzyme (IDE).
Time course of BPIns digestion by IDE. BPIns (2.1 mM) was digested by IDE (21 nM) at 30°C.
The resulting samples were analyzed by RP-HPLC using a COSMOSIL 5C ;-AR2 column. “N”
indicates the native-fold species that is not degraded by IDE at the indicated incubation time.
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3. One-Pot Four-Segment Ligation Using Seleno- and Thioesters: Synthesis

of Superoxide Dismutase

3-1. Introduction

The synthesis of (glyco)proteins has been efficiently carried out by chemoselective
ligation methods. Among them is the native-chemical ligation (NCL) method," developed by
Kent and co-workers, which has been widely used. In this method, a peptide with a C-terminal
thioester and a peptide with an N- terminal cysteine residue are chemoselectively condensed by
an intermolecular thioester exchange reaction, and a subsequent intramolecular S-to-N acyl shift
reaction forms the native peptide bond. As the protection-free ligation is realized, the NCL
method has various advantages, such as the simple preparation of the segments and the ease of
workup after the ligation.

Recently, selenoesters have been used for the NCL method and demonstrated
excellent synthetic results.””’ In particular, even in the case of the extremely sluggish ligation at
the Pro-Cys site, selenoesters produced the desired ligation product in good yield, which is due
to the good leaving-group ability of the selenol compared to the corresponding thiol.** Payne et
al. showed that selenoesters reacts extraordinarily fast with selenocystine to form the ligation
product.”™ By using the difference in the reactivity of the selenoester and thioester surrogates,
Melnyk et al. recently realized the one-pot ligation of three segments.”” In contrast to these
successful achievements, the selenoester has seldom been used as an acyl donor in the direct
aminolysis reaction for forming a peptide bond, although it was developed a fairly long time
ago.”

We have been developing an efficient ligation method for (glyco)protein synthesis
called the thioester method, and it is based on the direct aminolysis of the amino- and thiol-
protected peptide alkyl thioester by the other segments, using silver ions to activate the
thioester."! In addition, we found that if the aryl thioester is used, the ligation proceeds in the
absence of silver ions.'*! As the alkyl thioester is stable to aminolysis in the absence of silver
ions, the aryl thioester can be selectively ligated with a peptide alkyl thioester, which leads to
the development of a one-pot three-segment ligation using the thioester method.* If the
selenoester and aryl thioester are sufficiently different in their reactivity for aminolysis, a
one-pot four-segment ligation could be realized without requiring any deprotection steps during

the ligation (Figure 3-1).
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Figure 3-1. One-pot four segment ligation using the thioester method.

The one-pot procedure is important as the purification of the intermediates can be omitted. The
purification leads to the loss of the product because of the nonspecific adsorption of the peptide
to the column, and it is particularly serious if the target proteins are hydrophobic. In addition,
the purified samples have to be lyophilized, which reduces the entire efficiency of the synthetic
process. The one-pot ligation was first developed by Kent et al. using three segments,” and
since then various one-pot three-segment ligations have been developed.”’ A one-pot
four-segment ligation has also been demonstrated in a few syntheses by using the NCL reaction,
but in these cases, deprotection of either the terminal amino group or thioester precursor after
each ligation reaction is required.””’ Herein, we describe the efficient synthesis of the selenoester
by the Fmoc-method using the N-alkylcysteine (NAC) as the N-to-S acyl shift device,” the
analysis of the amiolysis reaction of the peptide selenoester, and a novel one-pot four-segment
ligation to obtain the human superoxide dismutase-1 (SOD-1) which is composed of 153

amino-acid residues.

3-2. Results and discussion

Preparation of a peptide aryl selenoester and the model ligation study

We first examined the reactivity difference between the selenoester and aryl thioester

using model peptides. As in the case of the peptide thioester, the synthesis of the selenoester by

the Fmoc method is difficult because of the sensitivity of the selenoester linkage to the
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piperidine used for the Fmoc group removal. Thus, the selenoesters have previously been
prepared by the Boc (tert-butoxycarbonyl) method,® by the thioester-selenoester exchange
reaction,” by the Fmoc synthesis on the Cl-Trt-resin and subsequent coupling with the
selenophenol,” and by side-chain anchoring to the resin with subsequent selenoester formation
at the C-terminus.” We found that the N-alkylcysteine (NAC) method,”’ which was developed
for the synthesis of the peptide thioester by the Fmoc method, can be similarly applied for the

synthesis of the selenoester as shown in Figure 3-2.

Fmoc-[Lys(Boc)],-NH-resin

T=0
1) 20% piperidine/ NMP, 2) Fmoc—Gly ™ ])LOH, DIC, HOBY DCE E | 1a
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2 |
|
Et o 4 |
Ac-Leu-Leu-Glu(OBu')-Arg(Pbf)-GIn(Trt)— Gly ™~ J)\[LVS(BOC)]g—NH-resin TSA
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1a 1b

Figure 3-2. Synthesis of selenoester by the NAC method. Elution conditions: column, Mightysil
RP-18 GP II (4.6 x 150 mm, Kanto Chemical, Japan) at the flow rate of 1 ml/ min; eluent, A,
0.1% TFA, B, acetonitrile containing 0.1% TFA.

The synthesis was started by the introduction of Fmoc-Gly-(Et)Cys(Trt)-OH to the H-
[Lys(Boc)],-Rink amide MBHA-resin. The peptide chain was elongated by the conventional
Fmoc method and the obtained peptide was cleaved from the resin by TFA. The peptide with
the NAC was then converted into the selenoester in the presence of diphenyldiselenide and
tris(carboxyethyl)-phosphine (TCEP). The reaction was almost complete within 7 hours at
37 °C to give Ac-LLERQG-SeC¢Hs (1) in 32 % yield upon isolation, thus showing the
efficiency of this method. The aryl thioester, LLERQG-SC¢H,-m-OH (2), was also prepared by

the NAC method in a 47 % yield (see the experimental section).
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We then examined the ligation of 1 and 2. No reaction occurred by simply mixing the two
peptides in dimethyl sulfoxide (DMSO). When 10 equivalents of N,N-diisopropylethylamine
(DIEA) was added to the peptide, the reaction immediately occurred and was complete within

15 minutes to give the desired peptide 3 as shown in Figure 3-3 b.

a) b)
- DPDS

AcHN—(_LLERQG

£ 43 &
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1 [ =
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o OH w® / kel
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Figure 3-3. a) Ligation of selenophenyl ester and thiophenyl ester. b) HPLC profile of the crude
reaction mixture after 15 min. Elution conditions are the same as those of Figure 3-2.

However, Ac-LLERQG-SC,H,-m-OH (4) was also obtained in almost the same amount. In
addition, the trimer Ac-(LLERQG);-SC¢H,-m-OH was also obtained in a small amount.
According to these results, the following reaction route can be elucidated: 1. The selenoester 1
reacts with the 2 and selenophenol is liberated. 2. Because of its high nucleophilicity, the
selenophenol attacks 2 and liberates the 3-hydroxythiophenol, which attacks 1 to yield 4. 3. The
reaction of the selenoester, derived from 2, and the thioester 2 forms the product responsible for
the trimer formation. These reactions continue until the liberated selenophenol is oxidized to
form the diphenyldiselenide. Thus, to suppress these side reactions, the liberated selenophenol
has to be immediately trapped after the ligation. We examined several compounds as a
scavenger of the selenophenol and found that the 2,2’-dipyridyldisulfide (DPDS) functions well.
The reaction was performed again in the presence of excess DPDS, and the desired product 3

was successfully formed in excellent purity as shown in Figure 3-3 b.
Synthesis of SOD-1 by using a one-pot four segment ligation

Having established the conditions for selective activation, the selenoester was then
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employed in the one-pot four-segment ligation using human SOD-1"' as the model. In the initial
synthetic plan (see the experimental section), the entire sequence was divided into four

segments (see the solid arrows in Figure 3-4).

1 6 164 3
Ac-ATKAVCVLKG DGPVQG&INF EQKESNGPVK VWéEIKGLTE

57 7
GLHGFHVHEF GDNTAG?TSA GPHFNPLSRK HGGPKDEERH

108, 11
VGDLGNVTAD KDGVADVSIE DSVISLSJbH CIIGRTLVVH

]
EKADDLGKGG NEESTKTGNA GSRLACGVIG IAQ
146 153

Figure 3-4. Amino-acid sequence of human SOD-1. The arrows indicate the site of the segment
coupling. The dotted arrow indicates the additional site of ligation for the entire polypeptide
assembly.

Each segment was prepared by solid-phase methods. The side-chain amino group was protected
by the 4-pyridylmethoxycarbonyl (iNoc) group."”’ Because of its high hydrophilicity, the iNoc
group does not decrease the solubility of the peptide segments, as has been shown by the
efficient syntheses of various glycoproteins.*" """ In addition, it is stable during solid-phase
peptide synthesis, deprotection by trifluoroacetic acid (TFA), high-performance liquid
chromatography (HPLC) purification, and cleanly cleaved by zinc dust treatment in acetic acid
after the ligation. The N-terminal segment (1-33) was prepared as the selenoester 5, the second
segment (34—72) as the aryl thioester 6, and the third segment (73—-108) as the alkyl thioester 7,
all by the NAC method (see the experimental section). The C-terminal segment (109-153) 8
was prepared as the peptide acid starting from the Fmoc-GIn(Trt)-OCH,-Wang resin. With all
the segments in hand, the ligation reaction was attempted according to Figure 3-7 (see the
experimental section). However, the ligation between the 5 and 6 did not proceed at all. The
analysis of the reaction mixture by HPLC showed that 5 precipitated after the addition of DIEA,
thereby retaining the selenoester moiety. Thus, we changed the synthetic strategy by dividing
the N-terminal segment into two portions, (1-16) 9 and (17-33) 10. The revised synthetic route

is shown in Figure 3-5.
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Figure 3-5. Synthesis of SOD-1 by a one-pot four segment ligation.

Following this strategy, the alkyl thioester 11 was newly synthesized. The aryl thioester 12 was
also synthesized and used for the ligation with 8 by the silver-ion free thioester method* prior
to the one-pot synthesis. The reaction was complete within 10 hours to give the desired product.
Piperidine was then added to the reaction mixture to remove the terminal Fmoc group, and the
product purified by HPLC to give the C-terminal half 13.

The one-pot four-segment ligation was then performed. The N-terminal segments 9 and 10 were
dissolved in DMSO containing DPDS, and DIEA was added to initiate the ligation. The reaction
was complete in one hour and the desired Ac-SOD-1 (1-33), (Acm)(iNoc),SC¢H,-m-OH (14),

was obtained in high purity as shown in Figure 3-6 b.
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Figure 3-6. Analysis of the progress of the one-pot ligation reaction: a,b) ligation of 9 and 10 at
TO and at 1 h, c,d) ligation of 14 and 11 at TO and at 3 h, and e.f) ligation of 15 and 13 at TO and
at 12 h. Elution conditions : column, YMC-Pack PROTEIN = RP (4.6 x 150 mm, YMC Co,
LTD., Japan) at the flow rate of 1 mL/ min; eluent, A, 0.1% TFA, B, acetonitrile containing
0.1% TFA. Detection of peptide 14 to 16 was performed by ESI mass measurement. The * and
** denote the hydrolyzed products of 9 and 14, respectively.

Without purification, 11 and 3-hydroxy-1,2,3-benzotriazin-4(3H)-one (HOOBt) were added to
initiate the second coupling by the silver-ion-free thioester method. Although the same coupling
did not proceed at all in the previous strategy because of the precipitation of the N-terminal
selenoester, the combination of the aryl and alkyl thioesters worked (Figure 3-6 d). The reason
seems to be the decrease in the pH value of the solution as a result of the addition of HOOBt,
which increased the solubility of the aryl thioester. Still, the yield of the ligation product
Ac-SOD-1 (1-72), (Acm),-(iNoc)SC,H,SO;H (15), was moderate and might indicate that the
solubility of the (1-33) segment is marginal. To adjust the ratio of the C-terminal segment 13 to
the ligated product (1-72) 15, the addition of 13 was reduced to 0.5 equivalents relative to the
starting segment 10. The silver ions were then added to initiate the third coupling. The reaction
proceeded well to give the polypeptide having the entire sequence of SOD-1. After the HPLC
purification, the ligation product 16 was obtained in 29% yield based on the amount of 10 used.

The acetamidomethyl (Acm) groups were then removed by silver-ion treatment in aqueous
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acetic acid (see experimental section). After 7 hours, the electrospray ionization (ESI) mass
analysis of the main peak obtained by HPLC analysis showed that the Acm groups are
completely removed to form the peptide 17. Without isolation of 17, a solution containing
3-mercaptopropionic acid was added. The precipitated silver salt was removed by centrifugation
and Zn dust was added to initiate the iNoc-group removal. The reaction also efficiently
proceeded within 1 hour (see the experimental section). The mixture was loaded onto an HPLC
column to obtain the fully deprotected SOD-1 18 in 67% yield over two steps. The folding
reaction was then performed in the redox buffer containing the reduced and oxidized glutathione
for 12 hours to produce the folded SOD-1 19 (see the experimental section).

A small amount of the 19 was treated with Asp-N in ammonium acetate buffer at pH 5 and
37 °C for 5 hours. The reaction mixture was directly analyzed by ESI mass. The results

111

indicated that Cys® and Cys''' have free thiol groups, whereas Cys®’ and Cys'* form a disulfide
bond, thus showing that the synthetic SOD-1 is correctly folded (see the experimental section).
Finally, zinc and copper ions were coordinated following the reported procedure to obtain the
human SOD-1 20."” The ESI mass analysis showed that the increase in the mass number of the
SOD-1 corresponded to the incorporation of the copper and zinc ions (see the experimental
section).

The secondary structure of the synthetic SOD-1 in the apo and holo states was analyzed by a
circular dichroism (CD) spectroscopy (see the experimental section). The spectrum and their
change between the two states agreed well with that of the reported data," thus further
supporting the correct folding of the synthetic SOD-1.

The dismutase activity of the synthetic SOD-1 was measured using the method of McCord et

al.”

wherein the inhibition ratio of the superoxide generation, caused by the oxidation of
xanthine by xanthine oxidase, was analyzed. As shown in Figure 3-18 (see the experimental
section), the activity was comparable to that of the commercially available SOD-1, thus

showing that the synthetic SOD-1 is fully active.

Summary of this work

In conclusion, a peptide selenoester was efficiently prepared by the Fmoc method
using the NAC method as the N-to-S acyl shift component. The selenoester exhibited perfect
selectivity for the aryl thioester in the aminolysis reaction in the presence of DIEA in DMSO.

Combined with the one-pot three-segment ligation by the thioester method, the one-pot
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four-segment ligation was demonstrated to obtain the entire sequence of the SOD-1 composed
of 153 amino acid residues, thus showing the efficiency of this method. This method can be
easily used for the synthesis of other (glyco)proteins. Along this line, further syntheses will be

pursued.

3-3. Experimental section

General information

Fmoc-Gly-(Et)Cys(Trt)-OH and Fmoc-Lys(iNoc)-OH were prepared by previously
described methods.""” The ESI mass spectra were recorded using a LCQ DECA XP Plus
(Thermo Fisher, MA). The ESI mass spectrum of the Asp-N digest of synthetic human SOD-1
was recorded by Nano frontier (Hitachi, Tokyo) to assign disulfide pairing. Circular dichroism
spectrum was measured using a J-820 spectropolarimeter (Jasco, Tokyo). Recombinant human
SOD-1 was purchased from Abcam Inc. (Boston, MA) and the dismutase activity was detected
by SOD activity detection kit from Wako Pure Chemical Industries (Osaka). The amino acid
composition was determined using a LaChrom amino acid analyzer (Hitachi, Tokyo) after
hydrolysis with 6 M HCI at 180 °C for 25 min in an evacuated sealed tube. The content of the
peptides in the powders was estimated based on the amino acid analysis. The
microwave-assisted SPPS was carried out using a Liberty Blue peptide synthesizer (CEM, NC)
in 0.1 or 0.25 mmol scale. The brief protocol of 0.25 mmol scale is as follows: (1) Fmoc
removal by 10% piperazine 0.1 M HOBt at 75 °C 15 sec and at 90 °C 50 sec, (2) DMF washing
(4 times), (3) Coupling using Fmoc-amino acid, DIC and HOBt (5 eq. each to the amino groups
on resin) at 75 °C for 15 sec and at 90 °C for 110 sec, (4) washing with DMF once. For the
introduction of His and Cys residue, the coupling was performed at 25 °C for 120 sec and at 50
°C for 480 sec. For the introduction of Arg residue, HOBt was substituted to Oxyma and the
reaction was performed at 75 °C for 15 sec and 90 °C at 110 sec. Double coupling was

performed for Arg residue.

Synthesis of model peptides

Ac-LLERQG-SeC,H; 1
Fmoc-Rink amide MBHA resin (150 mg, 50 pmol) was treated with 20%

piperidine/1-methyl-2-pyrrolidinone (NMP) for 1 min with vortex mixing. The reaction was

39



repeated with fresh reagent for 5 min. Fmoc-Lys(Boc)-OH (96 mg, 0.2 mmol), dissolved in 0.45
M 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) in DMF
(0.42 mL, 0.19 mmol) and N,N’-diisopropylethylamine (DIEA) (70 pL, 0.4 mmol), was added
to the resin and vortexed for 12 min at 50 °C. Following the same procedure, another Lys
residue was introduced and the Fmoc-[Lys(Boc)],-NH-resin was obtained. After removal of the
Fmoc group, a solution of Fmoc-Gly-(Et)Cys(Trt)-OH (70 mg, 0.1 mmol),
N,N’-diisopropylcarbodiimide (DIC) (31 pL, 0.2 mmol) and 1-hydroxybenzotriazole (HOBt)
(29 mg, 0.2 mmol) in 1,2-dichloroethane (DCE) (0.4 mL) was added to the resin, and the
mixture was vortexed overnight at room temperature. To the obtained
Fmoc-Gly-(Et)Cys(Trt)-Lys(Boc)-Rink amide MBHA resin, peptide chain was elongated by
microwave-assisted peptide synthesizer. After the completion of peptide chain assembly, the
obtained resin was divided in half. The terminal amino group of the resin (25 pmol) was
acetylated by 10% Ac,O and 5% DIEA in NMP for 10 min at room temperature. The resulting
resin was washed with MeOH (x3) and dried in vacuo to yield
Ac-Leu-Leu-Glu(OBu')-Arg(Pbf)-GlIn(Trt)-Gly-(Et)Cys(Trt)-[Lys(Boc)],-NH-resin (170 mg, 25
pumol). A part of the resin (13 mg, 1.8 umol) was treated with the TFA cocktail
(TFA-triisopropylsilane-H,O- 1,2-ethanedithiol, 92.5 : 2.5 : 2.5 : 2.5, 0.2 mL) for 2 h at room
temperature. The reaction mixture was filtered, and the filtrate was concentrated by a N, stream
and precipitated with ether. The precipitate was washed with ether (x3) and dried in vacuo. The
residue was dissolved in 50% MeCN aq. containing 6 M urea and 20% AcOH (0.5 mL).
Diphenyldiselenide (PhSe), (13 mg, 42 wumol) and tris(2-carboxyethyl)phosphinesHCI
(TCEP*HCI) (25 mg, 87 umol) was added to the reaction mixture and the solution was vortexed
for 7 h at 37 °C. Diphenyldiselenide was extracted with ether (x3), and the mixture was purified
by RP-HPLC to give the peptide 1 (0.51 mg, 570 nmol, 32%). ESI mass, found: m/z 897.6,
calcd for [M+H]": 897.4. Amino acid analysis: Glu, 3,,Gly ety g;2)Argo o).

H-LLERQG-SCH,-m-OH 2

The remaining resin in the synthesis of 1 was washed with MeOH (x3) and dried in
vacuo to yield
H-Leu-Leu-Glu(OBu')-Arg(Pbf)-GIn(Trt)-Gly-(Et)Cys(Trt)-[Lys(Boc)],-NH-resin (180 mg, 25
pmol). A part of the resin (12.0 mg, 1.7 pmol) was treated with the TFA cocktail
(TFA-triisopropylsilane-H,O-1,2-ethanedithiol, 92.5 : 2.5 : 2.5 : 2.5, 0.2 mL) for 2 h at room

temperature. The reaction mixture was filtered, and the filtrate was concentrated by a N, stream
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and precipitated with ether. The precipitate was washed with ether (x3) and dried in vacuo. The
residue was dissolved in 50% MeCN aq. containing 6 M urea and 5% AcOH (0.5 mL).
3-Hydroxybenzenethiol (25 pL) was added to the reaction mixture and the solution was
vortexed for 7 h at 37 °C. 3-Hydroxybenzenethiol was extracted with ether (x3), and the
mixture was purified by RP-HPLC to give the peptide 2 (0.66 mg, 800 nmol, 47%). ESI mass,
found: m/z 823.6, calcd for [M+H]": 823 4. Amino acid analysis:

GluzAzs(z)Gly1(1)Leu2A03(2)Ar £0.99(1)-

Ligation study of peptide 1 and 2

Ligation in the absence of 2,2’-dipyridyldisulfide (DPDS)

Peptide 1 (90 pg, 100 nmol) and 2 (83 pg, 100 nmol) were dissolved in DMSO (10
puL) containing DIEA (0.17 pL, 1.0 pmol). The mixture was vortexed for 15 min at room
temperature. The reaction was monitored by RP-HPLC as shown in Figure 3-3 (b). After 1 h,
the reaction mixture was purified by RP-HPLC to give the product,
Ac-(LLERQG),-SC4H,-m-OH 3 (36 pg, 23 nmol, 23%). ESI mass, found: m/z 1561.9, calcd for
[M+H]*: 1561.8. Amino acid analysis: Glu, 534/ Glyso)Leus gy Arg, sseo).-
Ac-LLERQG-SC¢H,-m-OH 4 was also obtained in 27% yield (23 pg, 27 nmol). ESI mass,
found: m/z 865.7, calcd for [M+H]": 8654. Amino acid analysis:

G1u2A25<2)GIY1(1)Leu1A89(2)Arg089(1)-

Ligation in the presence of DPDS

Peptide 1 (90 pg, 100 nmol) and 2 (83 pg, 100 nmol) were dissolved in DMSO (10
uL) containing 1w/v% DPDS and DIEA (0.17 pL, 1.0 pmol). The mixture was vortexed for 15
min at room temperature. The reaction was monitored by RP-HPLC following ether extraction
of DPDS as shown in Figure 3-3 b. After 1h, the reaction mixture was purified by RP-HPLC to
give the product, Ac-(LLERQG),-SC¢H,-m-OH 3 (81 pg, 52 nmol, 52%). ESI mass, found: m/z
1561.9, calcd for [M+H]": 1561.8. Amino acid analysis: Gluy 454/GlyaoLeus gsu)Arg; sow)-
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Synthesis of the peptide segments of the human superoxide dismutase-1 for initial ligation

strategy (four segment strategy)
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Figure 3-7. Initial strategy to synthesize SOD-1.

Ac-[Lys(iNoc)**?*, Cys(Acm)*]-SOD-1 (1-33)-SeC H; 5

Starting from Fmoc-Gly-(Et)Cys(Trt)-[Lys(Boc)],-Rink amide MBHA-resin (0.2
mmol), peptide chain was elongated manually using the HBTU-DIEA method to obtain
Fmoc-Val-Trp(Boc)-Gly-(Et)Cys(Trt)-[Lys(Boc)],-NH-resin. After removal of the Fmoc group,
Fmoc-Lys(iNoc)-OH (200 mg, 0.4 mmol), dissolved in 0.45 M HBTU in DMF (0.84 mL, 0.38
mmol) and DIEA (140 pl, 0.8 mmol), was added to the resin and vortexed for 12 min at 50 °C.
The peptide chain was then elongated by microwave-assisted peptide synthesizer except for
Asp''-Gly'?and Lys*”?. For the introduction of Asp''-Gly'?, Fmoc-Asp(OBu’)-(Dmb)Gly-OBt,
which was prepared by mixing Fmoc-Asp(OBu’)-(Dmb)Gly-OH (250 mg, 0.4 mmol), DIC (93
pL, 0.6 mmol), and HOBt (82 mg, 0.6 mmol) in DCE (2.0 mL) for 30 min at room temperature,

3923 were introduced as described above. After

was reacted overnight at room temperature. Lys
the completion of the chain assembly, the resulting resin was washed with MeOH (x3) and dried
in vacuo to yield
Ac-Ala-Thr(Bu)-Lys(iNoc)-Ala-Val-Cys(Acm)-Val-Leu-Lys(iNoc)-Gly-Asp(OBu’)-(Dmb)Gly
-Pro-Val-GIn(Trt)-Gly-Ile-Tle-Asn(Trt)-Phe-Glu(OBu')-GIn(Trt)-Lys(iNoc)-Glu(OBu’)-Ser(Bu’)
-Asn(Trt)-Gly-Pro-Val-Lys(iNoc)-Val-Trp(Boc)-Gly-(Et)Cys(Trt)-[Lys(Boc)],-NH-resin (1.3
g). A part of the resin (100 mg, 16 pmol) was treated with the TFA cocktail
(TFA-triisopropylsilane-H,0, 95 : 2.5 : 2.5, 2.0 mL) for 2 h at room temperature. The reaction
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mixture was filtered, and the filtrate was concentrated by a N, stream and precipitated with ether.
The precipitate was washed with ether (x3) and dried in vacuo. The residue was dissolved in
50% MeCN aq. containing 6 M urea and 20% AcOH (4.0 mL). Diphenyldiselenide (100 mg,
0.32 mmol) and TCEP*HCI (200 mg, 0.70 mmol) were added to the reaction mixture and the
solution was vortexed for 19 h at room temperature. After diphenyldiselenide was extracted
with ether (x3), the mixture was purified by RP-HPLC to give the peptide 5 (1.2 mg, 280 nmol,
1.8%). ESI mass, found: m/z 1422.1, 1066.9, 853.5, calcd for [M+3H]*: 1421.9, [M+4H]*":
1066.7, [M+5H]*: 853.5. Amino acid analysis:

ASP292(3)Th1'0.8 1 (1)Sel‘o,t)l(1)Gl'~14A03(4)Pr 03A20(2)G1Y5(5)A131 Asl(z)Val4A59(5)Hel 24(2) Leu094(1)PheoAso(l)LyS393(4)-

H-[Lys(iNoc)**", Cys(Acm)*]-SOD-1 (34-72)-SC4H,-m-OH 6

Starting from Fmoc-Gly-(Et)Cys(Trt)-[Lys(Boc)],-Rink amide MBHA-resin (0.2
mmol), peptide chain was elongated manually by the same manner as described for the
preparation of peptide 5 to obtain
Fmoc-Lys(iNoc)-His(Trt)-Gly-(Et)Cys(Trt)-[Lys(Boc)],-NH-resin. The peptide chain was then
elongated by microwave-assisted peptide synthesizer. The resulting resin was washed with
MeOH (x3) and dried in vacuo to yield H-Ser(Bu')-Tle-Lys(iNoc)-
Gly-Leu-Thr(Bu')-Glu(OBu’)-Gly-Leu-His(Trt)-Gly-Phe-His(Trt)-Val-His(Trt)-Glu(OBu')-Phe-
Gly-Asp(OBu)-Asn(Trt)-Thr(Bu)-Ala-Gly-Cys(Acm)-Thr(Bu')-Ser(Bu')-Ala-Gly-Pro-His(Trt)-
Phe-Asn(Trt)-Pro-Leu-Ser(Bu')-Arg(Pbf)-Lys(iNoc)-His(Trt)-Gly-(Et)Cys(Trt)-[Lys(Boc)],-N
H-resin (1.50 g). A part of the resin (310 mg, 41 pmol) was treated with the TFA cocktail
(TFA-triisopropylsilane-3,6-dioxa-1,8-octanedithiol-H,0, 92.5 : 2.5 : 2.5 :2.5,5.0 mL) for 2 h
at room temperature. The reaction mixture was filtered, and the filtrate was concentrated by a
N, stream and precipitated with ether. The precipitate was washed with ether (x3) and dried in
vacuo. The residue was dissolved in 50% MeCN aq. containing 6 M urea and 5% AcOH (10
mL). 3-Hydroxybenzenethiol (500 pL) was added to the reaction mixture and the solution was
vortexed for 15 h at 37 °C. 3-Hydroxybenzenethiol was extracted with ether (x3), and the
mixture was purified by RP-HPLC to give the peptide 6 (13 mg, 2.9 umol, 7.0%). ESI mass,
found: m/z 1522.4, 1142.1, caled for [M+3H]*: 1522.3, [M+4H]*: 1142.0. Amino acid
analysis:Asp, o33, Thr, ss3)Sers 203 Gluy 932)P105 632)Gly77)Alay 972 Valg g31)11€g 771y LeU3 033 Phe; o5 3 Ly

32A12(2>HiS4A76(5)A1’ 20.97(1)

H-[Lys(iNoc)”*”']-SOD-1 (73-108)-SCH,CH,SO,H 7
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Starting from Fmoc-Gly-(Et)Cys(Trt)-[Lys(Boc)],-Rink amide MBHA-resin (0.2
mmol), peptide chain was elongated by microwave-assisted peptide synthesizer except for
Asp”*-Gly” and Lys™*', which were introduced as described for the preparation of peptide 5.
The resulting resin was washed with MeOH (x3) and dried in vacuo to yield
H-Gly-Pro-Lys(iNoc)-Asp(OBu’)-Glu(OBu’)-Glu(OBu')-Arg(Pbf)-His(Trt)-Val-Gly-Asp(OBu’)
-Leu-Gly-Asn(Trt)-Val-Thr(Bu')-Ala-Asp(OBu’)-Lys(iNoc)-Asp(OBu’)-(Dmb)Gly-Val-Ala-As
p(OBu’)-Val-Ser(Bu')-Ile-Glu(OBu')-Asp(OBu’)-Ser(Bu')-Val-Tle-Ser(Bu')-Leu-Ser(Bu')-Gly-(E
t)Cys(Trt)-[Lys(Boc)],-NH-resin (1.3 g). A part of the resin (200 mg, 31.0 pmol) was treated
with the TFA cocktail (TFA-triisopropylsilane-H,0, 95 : 2.5 : 2.5, 3.0 mL) for 2 h at room
temperature. The reaction mixture was filtered, and the filtrate was concentrated by a N, stream
and precipitated with ether. The precipitate was washed with ether (x3) and dried in vacuo. The
residue was dissolved in 25% MeCN aq. containing 6 M urea and 5% AcOH (6.0 mL). Sodium
2-mercaptoethanethiosulfonate (MESNa) (300 mg) was added to the reaction mixture and the
solution was vortexed for 20 h at 37 °C. The mixture was purified by RP-HPLC to give the
peptide 7 (1.6 mg, 400 nmol, 1.3%). ESI mass, found: m/z 1359.8, 1020.6, calcd for [M+3H]**:
1359.8, [M+4H]*: 1020.1. Amino acid analysis:
ASDg 417 Thrg 75011S€T3 20(4)G1U3 093)PTO; 231/ Gly 55 Ala g40)Valy 345 1€ 7600/ €; 9700y S2 002 HiSo 871y AT

£0.93(1)

H-[Lys(iNoc)"?*'**1% Cys(Acm)'"'*]-SOD-1 (109-153)-OH 8

Starting from Fmoc-GIn(Trt)-O-Wang resin LL (610 mg, 0.2 mmmol), peptide chain
was elongated by microwave-assisted peptide synthesizer, except for the Lys'**'**'**, which
were introduced using Fmoc-Lys(iNoc)-OH as described for the preparation of peptide 5. After
the peptide chain elongation, the resulting resin was washed with MeOH (x3) and dried in
vacuo to yield
H-Asp(OBu’)-His(Trt)-Cys(Acm)-Ile-Tle-Gly-Arg(Pbf)-Thr(Bu')-Leu-Val-Val-His(Trt)-Glu(OB
u’)-Lys(iNoc)-Ala-Asp(OBu’)-Asp(OBu')-Leu-Gly-Lys(iNoc)-Gly-Gly-Asn(Trt)-Glu(OBu')-Glu
(OBu)-Ser(Bu')-Thr(Bu)-Lys(iNoc)-Thr(Bu')-Gly-Asn(Trt)-Ala-Gly-Ser(Bu’)-Arg(Pbf)-Leu-Al
a-Cys(Acm)-Gly-Val-Ile-Gly-Ile-Ala-GIn(Trt)-O-resin (1.75 g). A part of the resin (440 mg,
50.0 pmol) was treated with the TFA cocktail (TFA-triisopropylsilane-H,0, 95 : 2.5 : 2.5, 9.0
mL) for 2 h at room temperature. The reaction mixture was filtered, and the filtrate was
concentrated by a N, stream and precipitated with ether. The precipitate was washed with ether

(x3) and dried in vacuo. The residue was purified by RP-HPLC to give the peptide 8 (25 mg,
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4.8 umol, 9.6%). ESI mass, found: m/z 1714.3, 1286.0, 1029.0, calcd for [M+3H]3+: 1714.2,
[M+4H]*: 1285.9, [M+5H]": 1028.9. Amino acid analysis:

l’\SPMS(S)Tl'lr 2.48(3)53r 1 ,46(2)G1u475(4)GIYS(S)Ala4.03(4)V312,49(3) He3A28(4)Leu3o1(3)LyszA80(3)HiS 1 A84(2)Ar 22.002)-

Trial ligation of peptide 5 and 6
Peptide 5 (110 pg, 25 nmol) and 6 (110 pg, 25 nmol) were dissolved in DMSO (4
pL) containing 1w/v% DPDS. When DIEA (0.05 pL, 250 nmol) diluted with DMSO (1 pL) was

added, most of peptide 5 was precipitated and the reaction did not proceed.

Synthesis of human superoxide dismutase-1 (five segments strategy)

Ac-[Lys(iNoc)*’, Cys(Acm)®]-SOD-1 (1-16)-SeC H; 9

Starting from Fmoc-Gly-(Et)Cys(Trt)-[Lys(Boc)],-Rink amide MBHA-resin (0.1
mmol), peptide chain was elongated manually by the same manner as described for the
preparation of peptide 5 to obtain
Fmoc-Lys(iNoc)-Gly-Asp(OBu)-(Dmb)Gly-Pro-Val-GIn(Trt)-Gly-(Et)Cys(Trt)-[Lys(Boc)],-N
H-resin. The peptide chain was elongated by microwave-assisted peptide synthesizer except for
Lys’ residue, which was introduced using Fmoc-Lys(iNoc)-OH as described for the preparation
of peptide S. The terminal amino group of the resin was acetylated by 10% Ac,0 and 5% DIEA
in NMP for 10 min at room temperature. The resulting resin was washed with MeOH (x3) and
dried in vacuo to yield Ac-Ala-Thr(Bu)-Lys(iNoc)-Ala-Val-
Cys(Acm)-Val-Leu-Lys(iNoc)-Gly-Asp(OBu)-(Dmb)Gly-Pro-Val-GIn(Trt)-Gly-(Et)Cys(Trt)-
[Lys(Boc)],-NH-resin (540 mg, 0.1 mmol). A part of the resin (110 mg, 20 pmol) was treated
with the TFA cocktail (TFA- triisopropylsilane-H,O, 95 : 2.5 : 2.5, 2.0 mL) for 2 h at room
temperature. The reaction mixture was filtered, and the filtrate was concentrated by a N, stream
and precipitated with ether. The precipitate was washed with ether (x3) and dried in vacuo. The
residue was dissolved in 50% MeCN aq. containing 6 M urea and 20% AcOH (4.0 mL).
Diphenyldiselenide (100 mg) and TCEP*HCI (200 mg) were added to the reaction mixture and
the solution was vortexed for 1 d at 37 °C. After diphenyldiselenide was extracted with ether
(x3), the mixture was purified by RP-HPLC to give the peptide 9 (5.4 mg, 2.6 umol, 13%). ESI
mass, found: m/z 1033.7, caled for [M+2H]*: 1033.6. Amino acid analysis:

AsplAOG(I)ThrO.‘)Z(l)Glul,10(I)ProlA66(1)G1y3(3)A1a2A04(2) V31298(3)Leu1A05(1)Ly5205(2)~
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H-[Lys(iNoc)**']-SOD-1 (17-33)-SC¢H,-m-OH 10

Starting from Fmoc-Gly-(Et)Cys(Trt)-[Lys(Boc)],-Rink amide MBHA-resin (0.1
mmol), peptide was elongated manually by the same manner as described for the preparation of
peptide § to obtain Fmoc-Lys(iNoc)-Val-Trp(Boc)-Gly-(Et)Cys(Trt)- [Lys(Boc)],-NH-resin.
The peptide chain was then elongated by microwave-assisted peptide synthesizer except for
Lys®, which was introduced using Fmoc-Lys(iNoc)-OH as described for the preparation of
peptide 5. The resulting resin was washed with MeOH (x3) and dried in vacuo to yield
H-Tle-Tle-Asn(Trt)-Phe-Glu(OBu’)-GIn(Trt)-Lys(iNoc)-Glu(OBu')-Ser(Bu’)-Asn(Trt)-Gly-Pro-V
al-Lys(iNoc)-Val-Trp(Boc)-Gly- (Et)Cys(Trt)-[Lys(Boc)],-NH-resin (560 mg). A part of the
resin (110 mg, 19 umol) was treated with the TFA cocktail (TFA-triisopropylsilane-H,O, 95 :
2.5:2.5,2.0 mL) for 2 h at room temperature. The reaction mixture was filtered, and the filtrate
was concentrated by a N, stream and precipitated with ether. The precipitate was washed with
ether (x3) and dried in vacuo. The residue was dissolved in 50% MeCN agq. containing 6 M urea
and 5% AcOH (2.0 mL). 3-Hydroxybenzenethiol (100 pL) was added to the reaction mixture
and the solution was vortexed for 18 h at 37 °C. After 3-hydroxybenzenethiol was extracted
with ether (x3), the mixture was purified by RP-HPLC to give the peptide 10 (10 mg, 4.3 pmol,
23%). ESI mass, found: m/z 1162.7, calecd for [M+2H]**: 1162.8. Amino acid analysis:

Asp, 91(2)Ser0.82(1)Glu2A90(3)Pr0 19 1(1)GIY2(2)V31 1.83(2) Ile, A06(2>LyszA05(2)~

H-[Lys(iNoc)**", Cys(Acm)*]-SOD-1 (34-72)-SCH,CH,SO;H 11

A part of the resin in the synthesis of 6 (200 mg, 27 pmol) was treated with the TFA
cocktail (TFA-triisopropylsilane-H,0, 95 : 2.5 : 2.5, 4.0 mL) for 2 h at room temperature. The
reaction mixture was filtered, and the filtrate was concentrated by a N, stream and precipitated
with ether. The precipitate was washed with ether (x3) and dried in vacuo. The residue was
dissolved in 25% MeCN aq. containing 6 M urea and 5% AcOH (8.0 mL). MESNa (400 mg)
was added to the reaction mixture and the solution was vortexed for 18 h at 37 °C. The mixture
was purified by RP-HPLC to give the peptide 11 (15 mg, 3.3 pmol, 12%). ESI mass, found: m/z
1527.5, 1146.1, caled for [M+3H]*: 1527.7, [M+4H]*: 1146.0. Amino acid analysis:
ASD; 303y Thrs 73, S€T5 453)G1U5 252) P10 5500)Gly 77y Ala 202) Val, go1)I1€0 o611 €3 363 Phes 1oy Ly S 152 His

5245 AT 1 16(1)-

Fmoc-[Lys(iNoc)”**']-SOD-1 (73-108)-SCH,-m-OH 12
Starting from Fmoc-Gly-(Et)Cys(Trt)-[Lys(Boc)],-Rink amide MBHA-resin (0.2
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mmol), peptide chain was elongated by the microwave-assisted peptide synthesizer, except for
Asp”*-Gly” and Lys™*', which were introduced as described for the preparation of peptide 5.
The resulting resin was washed with MeOH (x3) and dried in vacuo to yield
Fmoc-Gly-Pro-Lys(iNoc)-Asp(OBu’)-Glu(OBu')-Glu(OBu')-Arg(Pbf)-His(Trt)-Val-Gly-Asp(O

Bu’)-Leu-Gly-Asn(Trt)-Val-Thr(Bu')-Ala-Asp(OBu’)-Lys(iNoc)-Asp(OBu’)-(Dmb)Gly-Val-Ala
-Asp(OBu’)-Val-Ser(Bu')-Ile-Glu(OBu)-Asp(OBu’)-Ser(Bu’)-Val-Tle-Ser(Bu')-Leu-Ser(Bu')-Gly
-(Et)Cys(Trt)-[Lys(Boc)],-NH- resin (1.6 g). A part of the resin (310 mg, 39 umol) was treated
with the TFA cocktail (TFA-triisopropylsilane-H,0, 95 : 2.5 : 2.5, 4.5 mL) for 2 h at room
temperature. The reaction mixture was filtered, and the filtrate was concentrated by a N, stream
and precipitated with ether. The precipitate was washed with ether (x3) and dried in vacuo. The
residue was dissolved in 50% MeCN aq. containing 6 M urea and 5% AcOH (12 mL).
3-Hydroxybenzenethiol (600 pL) was added to the reaction mixture and the solution was
vortexed for 18 h at 37 °C. After 3-hydroxybenzenethiol was extracted with ether (x3), the
mixture was purified by RP-HPLC to give the peptide 12 (6.9 mg, 1.6 umol, 4.1%). ESI mass,
found: m/z 14284, caled for [M+3H]": 1428.5. Amino acid analysis:
ASDg g9y Thrg go1yS€T3 1904y G1U3 703)Pr05 001/ Gly 55 Ala 950y Valy 7905 11€ s42) €5 1002y S2 0602)H1S0 931, AT

£0.98(1)-

H-[Lys(iNoc)**1122128:13¢ ' Cys(Acm)''*]-SOD-1 (73-153)-OH 13

Peptide 12 (5.6 mg, 1.3 umol) and 8 (6.7 mg, 1.3 umol) were dissolved in DMSO
(260 pL) containing 3-hydroxy-1,2,3-benzotriazin-4(3H)-one (HOOBt) (6.4 mg, 39 umol) and
DIEA (4.6 uL, 26 umol), and then the mixture was vortexed for 10 h at room temperature. To
remove Fmoc group of the N terminus, piperidine (30 pL) was added to the mixture and
voltexed for 30 min at room temperature. The mixture was precipitated with EtOAc/ether 1:1,
and then the precipitate was washed twice with ether. The residue was purified by RP-HPLC to
yield the peptide 13 (5.2 mg, 570 nmol, 43%). ESI mass, found: m/z 1815.7, 1513.4, 1297.7,
1135.9, calcd for [M+5H]": 1815.8, [M+6H]%": 1513.3, [M+7H]™*: 1297.3, [M+8H]**: 1135.2.
Amino acid analysis:
ASD 120012 Thrs 464)S€T4 7206/ GlUg 307)PrOy 25(1Gly 13013,Alas 996V al; 1og)11€4 946) €5 125y S5 125)H1S2 9103

AT 9903).

Synthesis of the human superoxide dismutase-1
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Ac-[Lys(iNoc)**2303670759L122.128.36 | Cyg( A em)®"11146].SOD-1 (1-153)-OH 16

Peptide 9 (1.1 mg, 550 nmol) and 10 (1.2 mg, 500 nmol) were dissolved in DMSO
(50 pL) containing 1w/v% DPDS and DIEA (0.87 uL, 5.0 umol), and then the mixture was
vortexed for 1 h at room temperature to give peptide 14 (ESI mass, found: m/z 1411.5, 1058.8,
847.5, caled for [M+3H]**: 1411.6, [M+4H]*: 1058.9, [M+5H]**: 847.4). Without isolation of
peptide 14, peptide 11 (1.4 mg, 300 nmol) in DMSO (30 pL) containing HOOBt (2.5 mg, 15
umol) and DIEA (0.87 pL, 5.0 pmol) was added, and the mixture was vortexed for 3 h at room
temperature to give peptide 15 (ESI mass, found: m/z 1738.0, 1448.7, 1242.1, 1087.1, 966.1,
caled for [M+5H]*: 1738.1, [M+6H]*: 1448.6, [M+7H]™*: 1241.8, [M+8H]*: 1086.7,
[M+9H]**: 966.1). Without isolation of peptide 15, peptide 13 (2.3 mg, 250 nmol) in DMSO (40
pL) containing HOOBt (1.5 mg, 9.0 umol), DIEA (1.1 pL, 6.0 pmol) and a tiny portion of AgCl
was added, and the mixture was vortexed for 12 h at room temperature. The mixture was
precipitated with EtOAc/ether 1:1, and then the precipitate was washed twice with ether. The
crude product was purified by gel filtration chromatography using G3000PWy, (7.5 x 300 mm,
Tosoh, Tokyo) in 50% CH;CN aq. containing 0.1% TFA at a flow rate of 0.7 mL / min to yield
polypeptide 16 (2.6 mg, 150 nmol, 29%). ESI mass, found: m/z 1175.3, 1102.0, 1037.2, 979.5,
928.0, 882.1, 839.7, 801.8, 766.7, calcd for [M+15H]"*: 1175.5, [M+16H]"*": 1102.1,
[M+17H]"7*: 1037.3, [M+18H]"**: 979.7, [M+19H]""*: 928.2, [M+20H]*"*: 881.9, [M+21H]*"*:
8399, [M+22H]*: 801.8, [M+23H]*": 767.0. Amino acid analysis:
ASD 173018 Thrg 678)5€17 84010/ G1U12.1(13,/PT04 7005/ Gy 2525, Al 6010y V @l 12.914)11€6 959/ L€Ug 1 10)PhE4 9604 LY S10 5

a 1)HiS7A43(8)Arg4,00(4)-
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Figure 3-8. ESI mass spectrum of 16.

Human SOD-1 (1-153)-OH 18
Polypeptide 16 (2.6 mg, 150 nmol) was dissolved in 50% AcOH aq. (0.3 mL)

containing AgOAc (4.9 mg, 29.0 umol), then the mixture was vortexed for 7 h at 37 °C in the
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dark. ESI mass analysis showed the complete removal of Acm groups to give peptide 17. ESI
mass, found: m/z 1238.7, 1156.2, 1084.1, 1020.4, 963.8, 912.9, 867.5, 826.3, 788.6, 754 4,
caled for [M+14H]'*": 1239.1, [M+15H]"*": 1156.5, [M+16H]'*": 1084.3, [M+17H]'"*: 1020.6,
[M+18H]"**: 963.9, [M+19H]"*: 913.3, [M+20H]***: 867.6, [M+21H]*"": 826.4, [M+22H]***:
788.9, [M+23H]”*: 754.6. Without the isolation of peptide 17, a solution containing 6 M
GdneHCI aq. and 15 % (v/v) 3-mercaptopropionic acid (MPA) (1.0 mL) was added to the
mixture, and then the formed precipitate was separated after centrifugation. The precipitate was
repeatedly washed with same solution and to the combined supernatant (ca. 5.0 ml) was added
powdered Zn (ca. 200 mg), which was activated by washing three times with 1 M HCI agq.
followed by washing three times with H,O. The reaction mixture was vigorously vortexed for 1
h at room temperature. After filtration, the mixture was purified by RP-HPLC using YMC-Pack
Protein-RP (4.6 x 150 mm, YMC, Kyoto) at a flow rate of 1 mL / min to yield the deprotected
polypeptide 18 (1.5 mg, 97 nmol, 67% over two steps). ESI mass, found: m/z 1321.3, 1219.8,
1132.7, 1057.3, 991.2, 933.0, 881.3, 834.8, 793.2, 755.4, 721.2, 689.8, calcd for [M+12H]"*":
1321.6, [M+13H]"*: 1220.0, [M+14H]'*": 1132.9, [M+15H]"": 10574, [M+16H]'**: 991 4,
[M+17H]"7*: 933.2, [M+18H]'*": 881.4, [M+19H]"*: 835.0, [M+20H]**: 793.3, [M+21H]*"*:
755.6, [M+22H]*: 72123, [M+23H]*": 690.0. Amino acid analysis:
ASD 172018 Thrg 358, 5€17 0810/ G112 5(13,/PT0O5 7605/ Gly 2525, Alag 43010y V Al 1 814)11€7 200/ €U 850)Ph€4 5004 LY S10.2

a l)HiS7A6l(8)Arg3.85(4)'
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Figure 3-9. Deprotection of SOD-1 and its HPLC profiles. Elution conditions are the same as
those of Figure 3-6.
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Figure 3-10. ESI mass spectrum of 18.

Folded human SOD-1 (1-153)-OH 19

Polypeptide 18 (1.5 mg, 97 nmol) was dissolved in 6 M GdneHCI aq. (170 pL)
containing 0.1 M trishydroxyaminomethane (Tris), 3 mM reduced and 0.5 mM oxidized
glutathione, which was adjusted to pH 8.0 by 6 M HCI aq. A buffer (10 mL) containing 0.1 M
Tris, 3 mM reduced and 0.5 mM oxidized glutathione, which was adjusted to pH 8.0 by 6 M
HCI aq., was added to the mixture was stored for 12 h at 4 °C. The mixture was then acidified
by addition of AcOH and purified by RP-HPLC using YMC-Pack Protein-RP (4.6 x 150 mm,
YMC, Kyoto) at a flow rate of 1 mL / min to yield folded human SOD-1 19 (0.93 mg, 59 nmol,
61%). ESI mass, found: m/z 1321.3, 1219.8, 1132.8, 1057.3, 991.3, 933.0, 881.3, calcd for
[M+12H]"*: 13214, [M+13H]"": 1219.8, [M+14H]"*: 1132.8, [M+15H]"”": 1057.3,
[M+16H]'*: 9913, [M+17H]'*: 9330, [M+18H]"": 881.3. Amino acid analysis:

Aspl7A9(18)Thr6A68(8)Ser 7A12(10)Glu 12103 Pr 04A74(5)GIY25(25)A139A90(10)V31133( 14)He7452(9)LeU9A38(9)Phe4452(4)LyS 109

anHiS7 92 ATE3 9504)-
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Figure 3-11. Oxidative folding of 18 and its HPLC profiles. The elution conditions are the same
as those of Figure 3-6.
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Figure 3-12. ESI mass spectrum of 19.

Determination of disulfide pairing

Folded human SOD-1 19 (7.9 pg, 0.5 nmol) was dissolved in 0.1 M ammonium
acetate buffer (pH 5.0) at a concentration of 0.16 mg/mL and Asp-N (Asp-N, 1/40 weight of 19)
was added. The solution was kept for 6 h at 37 °C. The digested solution was acidified by
addition of AcOH (10 pL) and the mixture was analyzed by ESI mass. The mass numbers
corresponding to the theoretical values of the structures (Fragment A to C in Fig 3-12) were
observed. Fragment A: found: m/z 1031.6, 516.3, calcd for [M+H]*: 1031.6, [M+2H]**: 516.3.
Fragment B: found: m/z 564.3, 423.5, 339.0, calcd for [M+3H]**: 564.3, [M+4H]*: 4235,
[M+5HT*: 3390. Fragment C: found: m/z 1074.3, 895.5, 767.7, 671.8, calcd for [M+5H]™:
1073.7, [M+6H]*": 894.9, [M+7H]™*: 767.2, [M+8H]*": 671 4.

6
Ac -ATKAVCVLKG DGPVQGIINF EQKESNGPVK VWGSIKGLTE

57
GLHGFHVHEF GDNTAG(FTSA GPHFNPLSRK HGGPKDEERH

m
VGDLGNVTAD KDGVADVSIE DSVISLSGDH CIIGRTLVVH

|
EKADDLGKGG NEESTKTGNA GSRLACGVIG IAQ
146

1) Asp-Nin 0.1 M ammonium acetate (pH 5.0), 6 h, 37 °C

2) ESl-mass
6 11
Ac -ATKAVCVLKG DH CIIGRTLVVH EKA
Fragment A Fragment B

57
DNTAGCTSA GPHFNPLSRK HGGPK

DDLGKGG NEESTKTGNA GSRLACGVIG IAQ
Fragment C 146

Figure 3-13. Identification of Asp-N digested fragments.
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Figure 3-14. ESI mass spectrum of Asp-N digested fragments.

CD spectrum measurement

For the preparation of apo dimer, folded human SOD-1 19 (48 pg, 3.0 nmol) was
dissolved in 20 mM phosphate buffer (250 puL, pH 7.0) and incubated for 2 h at 37 °C. For the
preparation of holo dimer, folded human SOD-1 19 (3 nmol) was also dissolved in 20 mM
phosphate buffer (250 pL, pH 7.0) containing 140 uM ZnCl, and CuCl,, and incubated for 2 h
at 37 °C. The CD spectra were measured between 195 nm and 250 nm at 37 °C using a 0.1 cm

light path length cell.
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Figure 3-15. CD spectrum of apo and holo human SOD-1.
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Reconstitution

Folded human SOD-1 19 (150 pg, 9.5 nmol) was dissolved in 10 mM ammonium
acetate buffer (90 pL, pH 3.0). The solution was dialyzed against 10 mM ammonium acetate
buffer (pH 6.3) for 3 h at room temperature. A 0.1 M ZnCl, aq. (2.0 pL, 200 nmol) was added to
the dialyzed solution and incubated for 1 h at 37 °C. A 0.1 M CuCl, aq. (2.0 pL, 200 nmol) was
also added to the mixture then incubated for 2 h at 37 °C. A part of metal ions was dialyzed
against same buffer for 2 h at room temperature to obtain SOD-1 20. The protein concentration
of dialyzed solution was determined by amino acid analysis to be 0.77 mg/mL. For ESI mass
measurement, the excess metal ions were further removed by gel filtration chromatography as
shown in Figure 3-16. ESI mass found: m/z 3195.3, 2904.8, 26629 calcd for
[M+2Cu+2Zn+2H]""": 3194.9, [M+2Cu+2Zn+3H]'"": 2904.6, [M+2Cu+2Zn+4H]"*: 2662.6.
Amino acid analysis: ASDP 173018 Thrg 418 5€17 31010/ Glu12 7013

Pr 06A47(5)G1Y25(25)A1310A1(10)V3112,6(14)He7 A20(9)Leu9A02(9)Phe4A80(4)LYS104(1 1)HiS7A59(8)Ar 23.92(4)-

time (min)

Figure 3-16. Size-exclusion chromatography elution profile of reconstituted SOD-1 20. Elution
conditions: column, Agilent Bio SEC-3 (3 um, 100 A, Agilent, Tokyo) packed UHPLC PEEK
column (2.1 x 250 mm, GL Sciences, Tokyo) at the flow rate of 80 yL / min; eluent, 100 mM
ammonium acetate containing 5% CH;CN (pH 7. 0). Detection: 214 nm.
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Figure 3-17. ESI mass spectrum of reconstituted SOD-1. The ESI spectrum was recorded by
JMS-T100LC (JEPL, Tokyo).
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Dismutase activity measurement

The dismutase activity measurement was carried out as described by McCord and Fridovich,”’
using the SOD activity detection kit. The analysis was performed using 96 well plate. Briefly,
the solution of SOD-1 or the same volume of distilled water was mixed with xanthine solution
and the solution of xanthine oxidase was added. The resultant solutions (S and B/, respectively)
were shaken for 1 min and kept for 28 min at 37 °C. SDS solution was added to terminate the
reaction and the resultant solution was mixed for 5 min. As a control, the same procedure was
performed in the absence of xanthine oxidase at the same time (S-B/, B/-B/, respectively). The
absorbance at 590 nm of S, B/, S-B/, BI-B!/ (Es, Eg,, Eg g, Eg.5;, respectively) was measured and
the SOD activity was calculated by the following equation:

SOD activity (Inhibition rate)=[(Eg, - Eg;5,)-(Es - Es.s)1/(Eg; - Egi.s)) X100

Triplicate experiments were performed simultaneously to obtain each data point.
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Figure 3-18. Comparison of dismutase activity between synthetic and authentic SOD-1.
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4. Summary

4-1. Summary

In chapter 1, the brief history of the research on selenium as an esstrace element was
introduced. The discovery of selenocysteine as well as its biological incorporation to proteins,
as well as the biological and chemical synthesis of Sec-containing protein were also discussed.
Finally, based on these discussion, the motivation to perform this thesis work was described.

In chapter 2, the chemical synthesis of diselenide derivative of BPIns (Se-Ins) was
discussed. Sec-substituted A and B chain of BPIns was successfully synthesized by Fmoc
method optimized for Sec-containing peptide without (3-elimination of the selenium atom, and
the subsequent oxidative folding was accomplished in a reasonable yield. The structure of
Se-Ins determined by the X-ray crystal analysis revealed that it is quite similar to that of the
native BPIns. The Se-Ins exhibited the comparable biological activity with that of the native
BPIns in the phosphorylation assay of Akt and GSK3f using HeLa cells. In contrast, the
degradation rate by the IDE demonstrated that the Se-Ins has eight times higher resistance than
that of native BPIns due to the stability of diselenide bond in the structure. Thus, this study
demonstrated that the Sec-substitution increases the protein stability and results in the
development of new long-lasting insulin analogue.

In chapter 3, a one-pot four segment ligation was realized by the thioester method
utilizing a peptide aryl selenoester. The preparation of peptide aryl selenoester was successfully
accomplished by the Fmoc method using the NAC device. Subsequent model ligation revealed
that the aminolysis reaction between the aryl selenoester and the aryl thioester proceeds with a
perfect selectivity in the presence of DIEA and DPDS in DMSO due to the high reactivity of
selenoester. The utility of the one-pot four segment ligation was demonstrated by assembling
the entire sequence of human SOD-1 composed of 153 amino acid residues without any
deprotection steps during the ligation. The synthetic SOD-1 exhibited the comparable dismutase
activity with the commercially available recombinant SOD-1, which proved the success of the
synthesis. This method would be generally applicable for the chemical protein synthesis. In
addition, it extends the scope of protein accessible by the total chemical synthesis due to its
purification- and deprotection-free nature throughout the ligation reaction.

The utility of selenium chemistry to the synthesis of Sec-containing peptide as well

as the ligation method demonstrated in this thesis would promote the functional and structural
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studies of Sec-containing peptide and protein in future.
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