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A counterintuitive freezing-induced peptide ligation was discov-
ered during the total synthesis of human interferon-¢ (hIFN-¢)
which blocks HIV infection through unique mechanisms. The suc-
cessful synthesis of hIFN-¢ (187 amino acids) in this research laid
the foundation for related anti-AIDS drug development. Moreover,
alanine mutation based on sequence alignment to solve the mal-
distribution of the ligation site and freezing-induced dominant
conformation that facilitates peptide ligation are expected to be
helpful for the synthesis of macrobiomolecules.

As a fatal disease caused by HIV infection, AIDS has led to the
global death of at least 35 million people in the past three
decades and more than 1.8 million new cases are diagnosed
annually. The quick spread of HIV has become a serious threat
to human health and placed a huge burden on the economy of
both individuals and countries, which has gained increasing
attention in medicine and politics." Although antiretroviral
therapy can slow the progression of the symptoms, the
absence of a cure or an effective HIV vaccine is an indisputable
fact.> Sexual contact is the major route of HIV transmission
(80% of adults),” and new targeted strategies for prevention
are urgently needed.

As a part of the innate immune system, interferons (IFNs)
play important roles in the defense against viral infection,
while their low selectivity results in numerous side effects. IFN-g
is a special type I interferon; it shares low amino acid sequence
homology with others (only about 30%), it is constitutively
expressed in the epithelial cells of female and male reproductive
organs, it is regulated by estrogen rather than by pattern-
recognition receptor pathways,” and it cannot be secreted by
producing cells.® Some interesting research indicate that the
expression of IFN-e can be induced by seminal plasma,” and its
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content in HIV negative female sex workers is increased.® IFN-g
upregulates the expression of various host cell restriction factors
and reduces the production of HIV-required host proteins,
which resulting in the impairment of HIV infection at multiple
stages of its life cycle.” A recent study has revealed that IFN-
blocks the invasion of HIV through enhanced phagocytosis and
produces reactive oxygen species which is different from other
IFNs.'® The aforementioned results suggest that IFN-e has
evolved as a specific guardian against sexually transmitted infec-
tion, so the exploration of its action mechanism and structural
modification may result in new anti-AIDS drugs with unique
mechanisms and high selectivity. The acquisition of these
special proteins for drug investigation is the premise.

Since it is difficult to produce unnatural proteins by using
recombinant methods, such as labeling with spectroscopic
probes for functional analysis, post-translational modification
as well as their intermediates for structure-activity studies,
p-protein for racemic protein crystallography'' and mirror-
image genetic replication,” as well as the introduction of
small molecules or polymers to improve the pharmacokinetic
properties.’® Therefore, a total chemical synthesis strategy of
hIFN-e based on solid phase peptide synthesis (SPPS)"* and
native chemical ligation (NCL)" was established in this
research. Moreover, the first example of a freezing-induced
peptide ligation was discovered upon the process of overcom-
ing the unreasonable condensation failure between peptide
segments. Described herein is the validated synthetic approach
for hIFN-g, the discovery of a counterintuitive freezing-induced
ligation and its plausible mechanism.

Currently, a peptide containing less than 50 amino acids
can be easily synthesized by SPPS,"* and two peptide segments
each owning a C-terminal thioester and N-terminal cysteine
(Cys) can be selectively assembled by NCL."® However, Cys is
rare in proteins, which leads to the development of various
thio-derived amino acids (AA) as surrogates,'® and they can be
facilely converted into proteinogenic AA by post-ligation metal-
free desulfurization (MFD).'”"'® Furthermore, a convergent lig-
ation strategy has been proved as an effective approach for the
complete condensation among four or more peptide frag-
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ments."? These revolutionary techniques form the cornerstone
of modern chemical protein synthesis and also govern which
proteins are suitable for chemical synthesis as well as how to
construct them.

For hIFN-e (Uni-Prot Q86WN2), the mature protein consists
of 187 AA after the cleavage of the signal peptide (21 AA) at the
N-terminus of the original sequence. As Cys is the best ligation
site for sequence splitting, a check on hIFN-¢ found 3 Cys at
positions 32, 142 and 154 (Fig. 1). Obviously, these Cys are
maldistributed, especially between positions 32 and 142,
resulting in a too long fragment that is beyond the ability of
SPPS, and making it an undesirable strategy. Considering that
there are 6 alanines (Ala) almost uniformly distributed in the
sequence of hINF-e (at positions 58, 73, 101, 107, 143 and
145), and that Cys can readily convert into Ala through post-lig-
ation desulfurization,'” the Ala based splitting strategy seems
like a good candidate. The main drawback of this route is that
the first peptide segment (57 AA) at the N-terminus of the
protein is too long for synthesis. To solve this problem, an
amino acid sequence alignment of IFN-¢ is performed among
human and other mammals including mouse (Uni-Prot
Q80ZF2), rat (Uni-Prot F1LVL8) and dog (Uni-Prot J9P321)
using BioEdit."® The results (Fig. 1) show that the proline in
hIFN-e at position 34 is an Ala in other mammals. The hom-
ology of the peptide sequence and the ideal position of proline
motivated us to mutate it to Ala for a more feasible synthesis
scheme.?® Based on the above considerations, a synthetic strat-
egy of the hIFN-¢ protein is designed, which includes splitting
it into five peptide segments with approximately equal lengths
(33-39-34-38-43) and condensing them through a kinetically
controlled convergent ligation. As shown in Fig. 2, all Ala
located at the ligation site is temporarily replaced with Cys.

The peptide synthesis was performed on a CS Bio-CS336X
automated peptide synthesizer by using an HBTU/DIEA acti-
vated Boc-chemistry protocol on a PAM resin.'* Some impor-
tant points on the peptide fragment synthesis are listed as
follows. To make sure that the original Cys in the sequence
and the introduced ones at the ligation site could selectively
engage in its specific reaction, different protecting groups of
thiol were used. Specifically, acetamidomethyl (Acm) was
chosen to protect the original Cys (positions 32, 142 and 154)
as it is stable under the conditions of cleavage, ligation and

Human | Q86WN2 LDLKLIIFQQ RQVNQESLKL LNKLQTLSIQ QCLPHRKNFL LPQKSLSPQQ
Mouse |Q80ZF2 LEPKRIPFQL W-MNRESLQL LKPLPSSSVQ LAHRKNFL LPQQPVSPHQ
Rat|F1LVL8 LEPKLILFQS R-RNRESLQL LKALPSSSVQ LCLAHRKNFL LPQQSVSPHQ
Dog|J9P321 LELKLAFFQQ R-VNRESLKL LNRFQKSSIQ LAHRKNFL LPQQSVNRHQ

Human | Q86WN2 YQKGHTLAIL HEMLQQIFSL FRANISLDGW EENHTEKFLI QLHQQLEYLE
Mouse |Q80ZF2 YQEGQVLAVV HEILQQIFTL LQTHGTMGIW EENHIEKVLA ALHRQLEYVE
Rat|F1LVL8 HQEGHVLAVL HEILQQIFVL FQTHSSRGVW EENHIEEVLA ALHRQLGYLE
Dog|J9P321 YQKGQALAIL HEMLQQIFNL FRANISLEGW EERHMENFLT ELHQQLEYLE

Human | Q86WN2 ALMGLEAEKL SGTLGSDNLR LQVKMYFRRI HDYLENQDYS TCAWAIVQVE
Mouse |Q80ZF2 SLGGLNAAQK SGGSSAQNLR LQIKAYFRRI HDYLENQRYS SCAWIIVQTE
Rat|F1LVL8 SLGGLKAERK SGGLSVKDLR LQIKAYFRRI HDYLENHRYS TCAWIIVQIE
Dog|J9P321 VLMSLEAEPN SGILRSDNPR LQIKR----- —--- LE----= —=======---

Human |Q86WN2 ISRCLFFVFS LTEKLSKQGR PLNDMKQELT TEFRSPR
Mouse |Q80ZF2 IHRCMFFVFR FTTWLSRQDP
Rat|F1LVL8 VNRCMFFVSR LARRLNSQDI D----

Dog|J9P321  ---------- —---mmmmms mmmmmm—mem ———eeo

Fig.1 Amino acid sequence alignment of IFN-¢ among different
species (human, mouse, rat and dog).
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LDLKLIIFQQ RQVNQESLKL LNKLQTLSIQ QCLCHRKNFL LPQKSLSPQQ
YOKGHTLAIL HEMLQQIFSL FRCNISLDGW EENHTEKFLI QLHQQLEYLE
ALMGLECEKL SGTLGSDNLR LQVKMYFRRI HDYLENQDYS TCAWCIVQVE
ISRCLFFVFS LTEKLSKQGR PLNDMKQELT TEFRSPR
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Fig. 2 The strategy for the convergent synthesis of the hIFN-¢ protein
(187 AA) based on native chemical ligation.
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desulfurization."® For the introduced Cys at the N-terminus of
Fr.2 and Fr.3, 1,3-thiazolidine-4-carbonyl (Thz) could serve as
the masking groups to prevent intramolecular cyclization and
intermolecular ligation during NCL. As the Cys at the
N-terminus of peptide Fr.1 would directly participate in the lig-
ation after synthesis, HF labile p-methylbenzyl was a good
choice for protection. The same could be said for Fr.4, while
the protecting group of imidazole, benzyloxymethyl, was
concomitantly introduced with the appearance of histidines
in the sequence and it would lead to formylation, methylation,
or the formation of thiazolidines on Cys during the HF
cleavage.”" To reduce these by-products, Thz was temporarily
introduced to protect the Cys at the N-terminus of Fr.4 and
it would be removed through methoxyamine treatment after
HF cleavage. The C-terminal thioester of peptides Fr.2 to
Fr.5 was established using a general procedure based on a
mercaptopropionic acid (Mpa)-leucine coupled PAM resin
which would straightforwardly yield the alkyl thioester after
cleavage.”*>* This peptide thioalkylester could be exchanged
by 4-mercaptophenylacetic acid (MPAA) and converted into the
reactive thiophenylester which could quickly react with Cys-
peptide to complete the ligation. The lack of effective protect-
ing tactics for the thioester moiety made NCL unsuitable for
the sequential assembly of peptide fragments from the N- to
the C-terminus.”>*® To solve this problem, kinetically con-
trolled ligation (KCL) was developed based on the ligation
speed of the thiophenylester was much faster than that of the
thioalkylester without the addition of an exogenous thiophe-
nol.>” Therefore, the thioalkylester of peptide Fr.5 was con-
verted into the thiophenylester in advance using MPAA after
the synthesis, to make it compatible with KCL. The syn-
thesized peptide segments Fr.1 to Fr.5 were purified by pre-
parative RP-HPLC and their molecular weights were checked
by ESI-MS. The measured masses: 5146.95, 4839.66, 4258.27,
4881.92 and 4131.77 Da (Fig. S2, S4, S6, S10 and S14t) were
consistent with the theoretical values: 5146.83, 4839.34,
4258.85, 4881.79 and 4131.58 Da, respectively.

The complete condensation of the five peptide fragments
needs at least four ligation steps, considering that the NCL is

This journal is © The Royal Society of Chemistry 2018
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only suitable for the sequential assembly of peptide fragments
from the C- to the N-terminus and its ligation efficiency is
higher than that of KCL; a ligation strategy consists of 3 steps
of NCL and 1 step of the KCL is designed (Fig. 2). For ligation
1 between Fr.1 and Fr.2 (C-terminus is tryptophan), in general,
it should be completed within 9 h under typical NCL con-
ditions (50 mM MPAA, 20 mM TCEP, pH 7.1, rt),>* let alone
the amount of Fr.1 was added in excess to facilitate the conver-
sion of Fr.2, as it could be recycled after ligation. However, no
ligation product could be detected by HPLC and MS, even
when the reaction time had been extended to 72 h and the
concentration of MPAA had been increased to 100 mM. To
solve this problem, some efforts have been devoted to the
optimization of the reaction conditions. Considering that the
pH of the ligation buffer is a key factor to balance the solubi-
lity of MPAA and the stability of the thioester, which further
affect the ligation efficiency, a series of pH values including
7.1, 8.5, 9.5, 10.5 and 11.0 have been tested, and only a MS
detectable amount of the ligation product appears under pH
8.5 (Fig. S19%). For further improvement, elevated tempera-
tures (20, 30, 40 and 50 °C) have been tried as chemical reac-
tions will generally be speeded up at higher temperatures.
Frustratingly, there was no significant difference in the results
of these tests. As before, the conventional optimization of the
reaction conditions almost has no effect on the yield which
reminds us to verify whether the specific peptide sequence
near the junction makes it an unusable ligation site.
Therefore, two peptide segments located at both sides of
the ligation site with a length of about 10 AA were synthesized:
one was the N-terminal cysteine-containing segment of
Fr.1 [CIVQVEISRC(Acm)L, ESI-MS 1333.59, Fig. S15,f calcd
1333.45] and the other was the C-terminal thioester of Fr.2
[ENQDYSTC(Acm)AW-Mpa-L, ESI-MS 1487.64, Fig. S16,t caled
1488.44]. Interestingly enough, these two short fragments
could easily attain almost complete ligation under typical NCL
conditions within 8 h, which denied the above hypothesis.
Until now, it was obvious that the length of the two peptide
fragments was the main reason for the failure of ligation 1. For
the peptide, the length of the sequence results in a secondary
structure and steric hindrance. To check this hypothesis, a pre-
liminary 3D structure of hIFN-¢ (Fig. 3) was built through homol-
ogy modeling based on IFN-§ (1aul) using SWISS-MODEL.>®
From the figure we could see the junction between Fr.1 and
Fr.2 (red circle in Fig. 3) just located near the turning point
between helix D and E. As we know, conformation is a critical
factor that affects the molecular recognition and interactions
between biomolecules.? Just like lock and key, the secondary
structure of a peptide decides the type of surface accessible
amino acid between two sequences; thus the spatial orien-
tation of the ligation site and the chemical reactivity of the
given peptides are controlled in turn. The above analysis
implies that the pursuit of the dominant conformation may be
helpful for the ligation between peptide Fr.1 and Fr.2. After a
literature review, we found that lower temperature can reduce
the skeleton flexibility of a peptide and promote the formation
of the dominant conformation.*®*' Hence, a ligation buffer

This journal is © The Royal Society of Chemistry 2018
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HEEIKQLQQ |49

EMLQNIFZIHR ENLL iF EE]

HelixB___________ Helix C Ligation point
IFN-¢ ALMGLEAEKLSGTLGSDNLRL 150
IFNATVLEERDEK TRG ELELKRYYGRILHYLKAKEYSHCAWIIVRVE 149

R Helix D Helix E
KESKOGRPLNDMKQELTTEFRSPR 187

Fig. 3 Predicted 3D structure of hlIFN-¢ through homology modeling
based on IFN-B (laul) using SWISS-MODEL (red circle: ligation site
between Fr.1 and Fr.2; lettering A—E: alpha-helices of hIFN-¢; the back-
ground color of the amino acid sequence is consistent with the 3D
structure to demonstrate its location).

(50 mM MPAA, 20 mM TCEP, pH 8.5, 6 M Gu-HCl, 0.2 M
Na,HPO,) containing 20 mg Fr.1 and 10 mg Fr.2 was placed in
a fridge (—20 °C). It is amazing that the ligation products were
detected by ESI-MS after reaction overnight (measured:
9765.55 Da, Fig. S23,7 theoretical: 9766.87 Da), and the
HPLC-MS analysis of the ligation buffer indicated that Fr.2 was
continuously converted into its thiophenylester which further
ligated with Fr.1 to form the products under low temperature
(Fig. S207%). The results from the reaction monitoring showed
that the ligation products increased with time and reached the
maximum within 48 h (Fig. S21f%). After purification with
HPLC and unmasking of Thz at the N-terminus of the
sequence, the products were further ligated with Fr.3 under
standard NCL conditions. Ligation 3 was a KCL to assemble
peptides from the N-terminus (Fr.5, C-terminus was thiophenyl-
ester) to the C-terminus (Fr.4, N-terminus was Cys) without
adding MPAA. Ultimately, a final standard NCL between frag-
ment 5-4 thioalkylester and Cys-fragment 3-2-1 resulted in
the complete sequence of hIFN-e (measured: 22409.23 Da,
Fig. 4, calcd: 22 408.41 Da).

In conclusion, a total chemical synthesis route of the hIFN-
€ protein (187 AA) has been successfully built in this research
based on a 5 fragments native chemical ligation, which laid the
foundation for the related anti-AIDS drug development. The
difficulties that hinder the synthesis, including insufficient Ala
for sequence splitting, the ligation strategy of 5 segments, as
well as the low solubility of peptide Fr.5 in acetonitrile-water

Org. Biomol. Chem., 2018, 16, 5097-5101 | 5099
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Fig. 4 The liquid chromatogram and ESI-MS spectra of the synthesized
hIFN-¢ protein.

solution for purification, have been overcome step by step
through rational analysis, design and the optimization of the
ligation conditions. Moreover, freezing promotes the for-
mation of the dominant conformation which further induces
the ligation of peptide segments is discovered upon the
process of overcoming the unreasonable condensation failure
between peptides Fr.1 and Fr.2. Despite some freezing-catalyzed
reactions have been previously reported, and the mechanisms
responsible for counterintuitive accelerations under low tem-
perature include increasing concentration, freezing potential,
catalytic action of the ice surface, convection effects and
temperature differences.’>** This is the first example of the
freezing-induced reaction reported in protein synthesis and
the dominant conformation formation is a supplement to the
catalytic mechanism in cryochemistry, which is expected to
be helpful for the total synthesis of macrobiomolecules.
Furthermore, for this rare and intriguing phenomenon, a sys-
tematic mechanistic study including NMR and CD structural
studies of the peptide fragments at lower temperature, identifi-
cation of the structural features, test of the generality of the
observation for the ligation of other peptides, etc. are impor-
tant to promote its usage in cryochemistry.
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