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Abstract: Although native chemical ligation has enabled the
synthesis of hundreds of proteins, not all proteins are accessible
through typical ligation conditions. The challenging protein,
125-residue human phosphobhistidine phosphatase 1 (PHPTI),
has three cysteines near the C-terminus, which are not
strategically placed for ligation. Herein, we report the first
sequential native chemical ligation/deselenization reaction.
PHPTI was prepared from three unprotected peptide segments
using two ligation reactions at cysteine and alanine junctions.
Selenazolidine was utilized as a masked precursor for N-
terminal selenocysteine in the middle segment, and, following
ligation, deselenization provided the native alanine residue.
This approach was used to synthesize both the wild-type
PHPTI and an analogue in which the active-site histidine was
substituted with the unnatural and isosteric amino acid [5-
thienyl-L-alanine. The activity of both proteins was studied and
compared, providing insights into the enzyme active site.

Chemical protein synthesis (CPS)!" offers chemists com-
plete control over proteins at the atomic level. Using solid-
phase peptide synthesis (SPPS) and selective chemical
ligation of unprotected peptides in aqueous conditions,!!
CPS affords access to proteins with unnatural amino
acids,>¥ site-specific post-translational modifications!!! as
well as mirror-image proteins.”® The most widely used
chemical ligation method is the native chemical ligation
(NCL) reaction”! between a C-terminal thioester of one
peptide and an N-terminal cysteine (Cys, C) of another.
Chemical synthesis of moderate-sized proteins (ca. 150 aa)
often requires more than a single NCL reaction (Scheme 1),
and works best when Cys residues are located strategically
within the protein sequence (ca. 40 residues apart). In such
a sequential synthetic scheme, the middle peptide segment
must contain both an N-terminal Cys and a C-terminal
thioester, which prompted the use of several protecting
groups for N-terminal Cys to prevent cyclization.®®*! How-
ever, these protecting groups suffer from cumbersome
deprotection procedures and lower yields, and became less
utilized after the development of thiazolidine (Thz).""!
Currently, Thz has been adapted for the synthesis of many
proteins owing to its smooth deprotection procedure and high
efficiency.""!
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Scheme 1. Utilizing Thz/Sez together with desulfurization/deseleniza-
tion for chemical protein synthesis.

Perhaps the only limitation of NCL is its dependence on
a Cys residue at the ligation junction. As Cys is a rare amino
acid in proteins, many research groups aimed to expand
chemical ligation technology to overcome this limitation by
developing new ligation reactions,'"'? using removable
auxiliaries,"**! or utilizing selective post-ligation modifica-
tions."*? One example of the latter is the NCL/desulfuriza-
tion approach developed by Yan and Dawson,'® in which
NCL is expanded to an alanine (Ala, A) residue at the ligation
junction (or other amino acids when a thiolated side-chain is
installed).'®2* A key weakness in this approach is its lack of
selectivity during the desulfurization step (Scheme 1)1%!
which leads to global desulfurization of unprotected native
Cys groups.m‘%'”]

An alternative approach to NCL/desulfurization is the
NCL/deselenization technique.”! Here, NCL is performed at
selenocysteine (Sec, U;=" or a selenolated side-chain of any
residue)® 3231 followed by a selective deselenization reac-
tion, which converts the Sec at the ligation site into Ala in the
presence of unprotected Cys residues (Scheme 1). Recently,
through a detailed mechanistic study of the proposed radical
deselenization reaction, we found that Sec can also be
selectively converted into Ser if the deselenization reaction
is performed under oxygen-saturated conditions.’* This
result was recently supported by Payne and co-workers.!
These reactions open up new directions for the synthesis of
proteins, especially when non-strategically positioned Cys
residues are present in a protein sequence. Alternatively, Sec
can be retained either to facilitate oxidative protein fold-
ing,”** or to be used as a handle for site-selective modifi-
cations. !
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In light of these clear advantages, we explored the utility
of the selenazolidine (Sez) building block for the synthesis of
challenging proteins. Key elements to our approach were the
facile and smooth conversion of the Sez-peptide to Sec-
peptide using MeONH, and selective deselenization after
NCL.

As a proof-of-concept, we chose the human enzyme
phosphohistidine phosphatase 1 (PHPT1; Scheme 2). Histi-
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Scheme 2. a. Chemical synthesis of Boc-Sez-OH. b. Utilizing Sez for
the chemical synthesis of PHPT1 by ligation of three unprotected
peptide segments. Residue His 53 in the wildtype PHPTT active site
was also replaced with the unnatural amino acid, Thi.

dine phosphorylation (pHis) is a poorly studied post-transla-
tional modification (PTM), even though it has been known
since the 1960s™*? and accounts for ~6% of all phosphor-
ylation PTMs."** PHPTT1, discovered in 2002, has a proposed
neuronal function as phosphatase acting on pHis.”! The
relatively late discovery is attributed to the lability of the P-N
bond, which makes this PTM challenging to study, although
recent advances in proteomics,*® synthesis of stable pHis
analogues,™ and mAb development™®” have been reported
recently.

PHPT1 contains 125 amino acids and three non-strategi-
cally positioned Cys residues (Cys69, 71, and 73), and cannot
be easily prepared through typical Cys-NCL techniques.
Mutagenesis, X-ray, and NMR studies***! suggest that the
active site histidine (His 53) catalyzes the activation of a water
molecule, which attacks the phosphate group of the pHis
substrate. We utilized Sez for the synthesis of the wild-type
PHPT1 and His53Thi analogue, in which the active site His53
is substituted with the isosteric, unnatural amino acid f3-
thienyl-L-alanine (Thi).”! Our results provide further insight
into the critical role of His53 in the catalytic activity of
PHPT1.

The synthesis of Boc-protected selenazolidine carboxylic
acid (Boc-Sez-OH) is summarized in Scheme 2a. Starting
from selenocystine (see the Supporting Information), it was
reduced in aqueous NaBH, and then treated with formalde-
hyde.™ The crude mixture was reacted with (Boc),0, which
provided the desired Boc-Sez-OH in 90 % overall yield.

We first checked the enantiopurity of the Sez building
block and its sensitivity to racemization during standard Fmoc
synthesis, cleavage, and purification steps using three syn-
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thetic hexapeptides (X-LKFAG; X=Sez (1), L-Ala (2), and
D-Ala (3); Supporting Information). After cleavage, peptide
1 was treated with MeONH, at pH 4, which converted Sez-
LKFAG (1) into Sec-LKFAG (1a; isolated as a dimer).
Deselenization by TCEP produced a product that co-eluted
with 2 (L-Ala) with no observation of the diastereomer 3 (b-
Ala). Since the deselenization reaction is enantioselective,”!
this result suggests that Boc-Sez-OH was enantiopure and the
chiral center was retained during the synthesis, cleavage, and
handling steps (Supporting Information, Figures S2-S4).
Next, we compared the ring opening of Sez to that of Thz
by synthesizing Thz-LKFAG (4) and treating peptides 1 and 4
with a MeONH, solution at pH 4, as previously described."”
The reaction was followed by HPLC to show a slightly faster
Thz opening (2 h) than Sez opening (6 h; Figures S5-S7).

We then demonstrated the usefulness of the Sez building
block in the chemical synthesis of PHPT1. Our synthetic route
was based on three segments with two sequential NCL
reactions at Gly68-Cys69 and Gly34-Ala35, where Ala35
was substituted with Sez, followed by a single deselenization
step (Scheme 2b). All peptide syntheses were performed
using standard stepwise Fmoc-SPPS (Supporting Informa-
tion). PHPT1(Sez35-Gly 68) and PHPT1(Ala2-Gly34) seg-
ments were synthesized with a C-terminal thioester precursor,
DbzP!! (Supporting Information).

The ligation between PHPT1(Sez35-68)-COSR and
PHPT1(Cys69-125) was performed under traditional condi-
tions and was completed in 5h (Figure 1a). The crude
mixture was then treated overnight with 0.2m MeONH, at
pH 4-5 affording PHPT1(Sec35-125) (Figure S12) in 51 %
(5.8 mg) yield. Prior to purification, the solution was treated
with either dithiothreitol (DTT, after adjusting to pH 7), or
a mixture of 1:3 tris(2-carboxyethyl)phosphine (TCEP) and
sodium ascorbate (pH4) to reduce any Se—S bonds and
simplify product isolation.

Slow ligations are usually observed at Sec-NCL due to the
sensitivity of the selenol groups to air oxidation.”®*! Pre-
viously, aryl thiols, such as 4-mercaptophenylacetic acid
(MPAA), were found both to act as a suitable reductant to
the oxidized Sec, keeping it in the reactive reduced selenol
form, and to activate the thioester. However, MPAA is
oxidized during the reaction, which can slow the ligation, and
may form MPAA-adducts of product isomers. Reducing
agents, such as TCEP, can be advantageous in keeping
MPAA reduced, but may deselenize the Sec as a side
reaction.”" Recently, we were excited to find that the radical
quencher, sodium ascorbate, completely inhibits the unde-
sired deselenization reaction, even in the presence of excess
TCEP.* Therefore, the second ligation between PHPT1(2-
34)-COSR and PHPT1(Sec35-125) was performed in ligation
buffer containing TCEP and sodium ascorbate (Supporting
Information), and was completed within 5 h (Figure 1a) with
~60% (2.8 mg) yield. Prior to deselenization, the ligated
product was either purified by preparative HPLC or desalted
using a PD-10 column. The deselenization reaction® ! was
performed using TCEP (42 equiv) in the presence of DTT
(4.9 equiv) and was completed in 5 h. The product was then
purified by preparative HPLC (Figure 1a; Supporting Infor-
mation, Figure S13) to give ~70% yield (1.4 mg), and

www.angewandte.de

dte

Chemie

1005


http://www.angewandte.de

a.
PHPT1(69-125)| pip11(se235-68)-COSR
WA /
L 1*NCL, t = 1 min
MPAA PHPT1(Sec35-125)
I NCL, t = 5 h; MeONH, o/n
MPAA PHPT1(2-34)-COSR
PHPT1(Sec35-125) l (2:34)-CO8
/\ﬂ * 2"NCL, t= 1 min
PHPT1(2-125)(Ala35Sec)
t =5 h, purified
PHPT1(2-125)
deselenizationt=5h
purified
60 70 80 90 100 11.0 120 130 14.0 150 160 170 180 190 200 210 220 230 240 250 260 27.0 280 29.0 300
Minutes
b. 13+
1059.83 13764
sais 1800
5+
aég&“swasv
81075 25333 10000 12000 14000 16000 18000
mass (Da)
] 973
2 .
W0 700 80 %0 1000 1100 1200 1300 160 150 10 1700 1800 1900 2000
miz
c. 13+
1053.67 13685
15+ 14+
16+ 913.42978.50
ssess
1+
1245.00
17+ 10000 12000 14000 16000 18000
sohos
mass (Da)

1006

9+
wars
. ] 152167 o

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z

Figure 1. Preparation of PHPT1. a. Analytical HPLC of NCL and desele-
nization reactions. b. ESI-MS of PHPT1(2-125) (Ala35Sec) (obs.

13764 Da, calc. 13762 Da). c. ESI-MS of PHPT1(2-125) (obs.

13685 Da, calc. 13683 Da). The mass difference between (b) and (c) is
79 Da, indicating deselenization.

characterized by ESI-MS (Figure 1b,c) and HR-MS (Fig-
ure S14). The same synthetic approach was used for the
synthesis of the PHPT1(His53Thi) analogue (Figure S15-
S17), using PHPT1(Sez 35-68)(His53Thi)-COSR (Figure S10)
as the middle segment.

To investigate the proposed role of His as a general base
catalytic residue in the enzyme,***! the two synthetic
proteins, PHPT1 and PHPT1(His53Thi), were separately
dissolved in Tris buffer in the presence of DTT for one hour
to fold, upon which the solution was taken for further studies.
First, the proteins were characterized by circular dichroism
(CD, Figure S18). The CD spectra of PHPT1 and PHPT1-
(His53Thi) (Figure S18) suggest they are highly composed of
B-sheet structures.[***! Nevertheless, the His53Thi analogue
showed small changes in comparison to PHPT1. This may
suggests that the imidazole ring of His 53 is not only important
for catalysis, but also for the correct folding of the active site
through, for example, hydrogen bonding (see below). This
may support the previous observation with PHPTI1-
(His53Ala).l#4)

Next, we tested the enzymatic activity of the two proteins
using p-nitrophehylphosphate (pNPP) as a substrate.*”) We
found that our synthetic PHPT1 was active with comparable
steady-state kinetic parameters (Ky;, ke, and k. /Ky; Fig-
ure S19) to the published values (Table 1). On the other hand,
PHPT1(His53Thi) activity was below the detection limit, that
is, at least 3600-fold lower than PHPT1. These results support
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Table 1: Steady-state kinetic parameters for human PHPT1 proteins
using pNPP as substrate.

Protein Ky [mM] ke [s7] kea/Ku M5
Wt PHPT1E 7.4+0.1 0.35+0.02 4743
PHPTI 6.1+0.4 0.22+£0.01 362
PHPT1 (His53Thi)® n.d. n.d. <0.01

[a] Published values.”! [b] The enzymatic activity was at least 3600-fold
lower than PHPTT.

the crucial catalytic role of His53 in PHPT1, such that when
the basic imidazole N is replaced with S, the catalytic activity
of the enzyme is severely diminished. Additionally, His53
may play an important role in the pre-organization of the
active site through, for example, hydrogen bonding. Indeed,
careful examination of the active site of PHPT1 (based on
NMR structure of the Pi-bound form)“” revealed that Nt-H
of His 53 forms a hydrogen bond (1.75-1.81 A in 14 out of the
21 NMR structures) with the carbonyl oxygen of Gly77
(found in the Gly-rich domain), which is in the p4-strand
underneath His 53 (Figure S20). Gly77 is a conserved residue
among PHPTsP? (Figure S21), and it has been reported that
a Gly77Ala mutant is inactive.”” These results support the
critical role of Gly77 in the active site, which, through
hydrogen bonding with His 53, ensures that the imidazole ring
is in the right conformation to activate the catalytic water
molecule. In the His53Thi analogue, the imidazole ring is
replaced with thienyl, and as a result, the Nt-H is replaced
with a methylene, resulting in the elimination of this critical
hydrogen bond (Figure S22). This might also contribute to the
observed small changes in the CD and diminished activity.
Future studies in which His53 is replaced with more func-
tional His analogues such as 1,2,3-triazole-3-alanine, or 2- or
4-fluorohistidine are currently underway.

In summary, we performed the first chemical synthesis
using selenazolidine and deselenization to access PHPTI,
a protein with non-strategically placed cysteine residues. Both
wild-type PHPT1 and an analogue in which the active-site
histidine (His) was substituted with the unnatural and
isosteric amino acid p-thienyl-L-alanine (Thi) were prepared
from two ligations of three peptide segments, followed by
a single, selective deselenization reaction. Through CD and
enzymatic activity studies of the two proteins and the
examination of the published NMR structures, we propose
that the carbonyl oxygen of Gly77 forms a hydrogen bond
with the imidazole ring of His 53, ensuring the imidazole ring
is in the right conformation to activate a catalytic water
molecule. As a result of the elimination of the hydrogen bond
with Gly 77 (Nt-H is replaced with C—H), and/or the replace-
ment of the basic imidazole Nt with S, PHPT1(His53Thi) was
found to be inactive.

The synthetic work reported here may serve as a useful
methodology for the synthesis of more complex protein
targets. In principle, a similar approach could be used to
assemble larger proteins from more than three unprotected
peptide segments. Such studies are currently underway in our
research group.
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