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Abstract: Strategies for one-pot peptide ligation enable chemists to access synthetic proteins at a high yield in a short time. Herein, we report a new
one-pot multi-segments ligation strategy using N-terminal thiazolidine (Thz) peptide and a formaldehyde scavenger. Among our designed 2-
aminobenzamide-based aldehyde scavengers, 2-amino-5-methoxy-N’,N’-dimethylbenzohydrazide showed a good ability to capture formaldehyde
from Thz at pH 4.0. This scavenger had compatibility with the conditions of native chemical ligation at pH 7.5. Using this scavenger for a model peptide
ligation system, we performed one-pot four-segment ligation at a high yield without significant side reactions.

Introduction

Chemical protein synthesis!"?! is a promising methodology for preparing site-specifically engineered proteins with unnatural amino
acids, which are hard to be accessed with genetically engineering methods. Typically, in chemical protein synthesis, peptide segments
prepared by solid-phase peptide synthesis (SPPS)“ are condensed via peptide ligation reactions.®® From the invention of native chemical
ligation (NCL),’5%1% in which unprotected peptide segments ligated between N-terminal cysteine (Cys) and C-terminal thioester, the field of
chemical protein synthesis has been expanding rapidly. To achieve an efficient synthesis of a variety of useful and/or synthetically challenging
proteins, peptide and protein chemists have been seeking to develop more sophisticated chemical tools.['"'? As one of such attempts, many
types of one-pot peptide ligation strategies have been reported in this field to avoid laborious and time-consuming purification/lyophilization
steps after ligation reaction.['¥ One-pot ligation tends to give a higher yield than that of conventional methods because there is no need to
isolate ligation intermediates. Among various one-pot peptide ligation strategies,'*2% the use of protecting groups at N-terminal amine or
thiol of Cys at internal segments was the simplest approach and reported in many research groups. For example, acetamidomethyl (Acm)
group?? and trifluoroacetamidomethyl (Tfacm) for thiol group,?¥ 4-(dimethylamino)phenacyloxycarbonyl (Mapoc),?® p-
borobenzyloxycarbonyl group (Dobz),["® allyloxycarbonyl (Alloc)?-28 and 9-fluorenylmethyloxycarboyl (Fmoc) for amine group?® were
successful N-terminal cysteinyl protecting groups in one-pot peptide ligation.

As an equivalent of a protected Cys moiety, 1,3-thiazolidine-4-carbonyl (Thz) group is employed in many reports of chemical protein
synthesis probably because Thz is easy to be introduced to the N-terminus of a peptide with a commercially available amino acid monomer
(Boc-Thz-OH) and does not affect the charge and solubility of peptide segments. As pioneering research, Bang and Kent demonstrated that
the Thz group could be applied for one-pot three segments ligation using methoxyamine as a decaging reagent at acidic conditions (Scheme
1a.).B% However, in the second ligation after Thz ring-opening, methoxyamine can also react with thioester moiety of the N-terminal segment
because of the high nucleophilicity of the amino group of methoxyamine. Thus, in this method, an excess amount of the third N-terminal
segment needs to be added to reach a full conversion in three peptide segments ligation. Palladium or copper-mediated Thz ring-opening
was reported by the Brik group®'-33 and by the Otaka group®* respectively (Scheme 1b.). These metals can promote the hydrolysis of Thz
as a Lewis acid to the sulfur atom to produce Cys and formaldehyde. Although this metal-mediated mechanism enabled fast deprotection of
Thz, there is space to improve the conditions for one-pot peptide ligation of more than three segments. Katayama and Morisue reported Thz
ring-opening reaction using 2,2'-dipyridyl disulfide (DPDS) in an acidic solution.® However, this approach could not be applied to one-pot
peptide ligation because the reductive condition used in NCL would easily reduce the disulfide bond.

Herein, we report a one-pot repetitive Thz deprotection without thioester degradation using a new 2-aminobenzamide-based
deprotection reagent. Because the reaction of Thz deprotection in aqueous conditions involves formaldehyde formation, we hypothesized



that Thz could efficiently be deprotected by using a reliable scavenger for formaldehyde. We focused on 2-aminobenzamide-based molecules,
which are reactive with aldehyde and produce hydrolytically stable products. We found that 2-amino-5-methoxy-N’,N’-
dimethylbenzohydrazide (AMDBH) could open Thz ring by capturing formaldehyde released from Thz in acidic conditions (pH ~4) (Scheme
1c.). In contrast to methoxyamine, due to the lower nucleophilicity of 2-aminobenzamide derivatives, AMDBH had much smaller effects on
thioester moiety in NCL conditions (pH ~7) than methoxyamine. By adding this compound to the NCL buffer and simply controlling pH, we
accomplished an efficient one-pot multi-segments ligation without a significant side reaction.
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Scheme 1. N-terminal thiazolidine (Thz) as a precursor of cysteine. (a) Methoxyamine-mediated Thz ring-opening and its side reaction. (b) Pd or Cu mediated Thz ring-
opening. (c) This work: an aldehyde scavenger mediated Thz ring-opening for one-pot multiple peptide ligation.

Results and Discussion

Design and synthesis of aldehyde scavengers

We began this study with the design and preparation of 2-aminobenzamide-based aldehyde scavengers. In the previous report,8! Kitov
et al. demonstrated that aniline derivatives containing nucleophile at ortho position of amine could react with aldehyde and 2-amino
benzamidoxime (ABAO) had a high reactivity especially at pH 4.0-4.5 and p-methoxy ABAO (PMA) indicated enhanced reactivity to aldehyde
(Scheme S1.). Because Thz has an acid-liable thioaminal component®®-3 and such aniline derivatives can capture formaldehyde released
from Thz, we hypothesized that these aniline derivatives could decage an N-terminal Thz group at lower pH. To achieve one-pot peptide
ligation by repetitive Thz deprotection, the aldehyde scavenger is demanded not only to efficiently trap formaldehyde only at lower pH (pH
~4) and but also to have a negligible effect on thioester moiety under a wide range of pH (pH 4-7). Because ABAO and PMA have a highly
nucleophilic amidoxime moiety, which could attack thioester,®® we newly designed four types of 2-aminobenzamide derived scavengers (s1,
s2, s3, s4, Figure 1a.). As nucleophiles at ortho position of amine, we chose O-methylhydroxamic acid (s1, s3) and N’,N’-dimethylhydrazide
(s2, s4), which have a terminal nitrogen atom with higher nucleophilicity than that of amide due to a-effect.“>4l Methyl groups attached on
the terminal heteroatoms (O or N) were introduced to suppress the total nucleophilicity of scavengers. As with the case of ABAO and PMA,
a methoxy group was introduced to the para position of the amine group to improve the ability to trap aldehydes (s3, s4).%542 These four
types of 2-aminobenzamide derivatives were synthesized via a single-step reaction of a nucleophilic attack of methoxyamine or N,N-
dimethylhydrazine to commercially available isatoic anhydride derivatives (see the chapter of organic synthesis at experimental section.).

Thz ring-opening using formaldehyde scavengers

To conduct Thz ring-opening test, we synthesized an N-terminal Thz model peptide 1 (H-Thz-LYRVTKLYRVG-NHz) via standard Fmoc-
SPPS (Figure S1a). First, peptide 1 was dissolved to 6 M Gn*HCI, 0.2 M phosphate buffer containing 200 mM scavengers and standard NCL
additives (100 mM 4-mercaptophenylacetic acid (MPAA) and 20 mM tris(2-carboxyethyl)phosphineshydrochloride (TCEP+HCI)) and the
reaction mixture was stirred at 37 °C (this condition will be called as ‘condition A’) (Figure 1b). From the analysis of RP-HPLC and MALDI-
TOF/MS, Thz ring-opening proceeded with all tested 2-aminobenzamide-based scavengers at pH 4.5 and N-terminal Cys peptide 1’ was
observed (Figure 1d and S2). As a general trend, scavengers with a 5-methoxy group (s3, s4) were much more reactive than those with no
modification (s1, s2). Scavengers with N',N’-dimethylhydrazide (s2, s4) were slightly reactive than those with O-methylhydroxamic acid (s1,
s3). AMDBH (s4) had the highest reactivity in the Thz ring-opening and the conversion yield reached 98% in 6 h. Using AMDBH (s4), we
conducted the same reaction with different acidic pHs (3.5, 4.0, 5.0) at condition A (Figure 1e and S3). We found that the optimum pH for
Thz ring-opening was around 4.0 and the reaction went to completion in 5 h (Figure 1f). We also conducted this experiment at pH 4.0, 50 °C.
The reaction was accelerated and the deprotection of Thz was completed within 2 h (Figure S4). As the deprotection of Thz proceeded, a
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non-peptide peak probably derived from formaldehyde-trapped AMDBH (t4) was observed in the HPLC analysis. To simplify the reaction,
we also conducted a reaction between AMDBH (20 mM) and formaldehyde (30 mM) in the NaOAc buffer (pH 4.5) at room temperature
(Figure 1c and S5) and performed HPLC analysis using the same gradient as the Thz stability test. Within 10 min, we observed the conversion
of s4 into t4. Because ESI MS analysis indicated that the mass of t4’s peak is 12 Da higher than that of s4, we concluded that t4 is the
desired aminal product after scavenging formaldehyde.

Then, we tested the stability of a Thz group at NCL conditions (pH 7.0 and 7.5) with AMDBH (s4) at condition A. While Thz degraded
gradually at all tested pHs, at 7.5 in 12 h, the remaining yield of Thz peptide 1 was 94% (Figure 1e, 1g, and S6); Thz was stable enough
when conducting NCL at pH 7.5. From these results, AMDBH (s4) worked efficiently at lower pH and has the potential to be used for Thz
ring-opening after NCL in a one-pot manner by switching pH from 7.5 to 4.0.

We also checked the dependence of AMDBH’s concentration on the ring-opening reaction. When reducing the AMDBH concentration
to 50 mM or 100 mM, the Thz ring-opening slowed down at pH 4.5 and pH 7.0 (Figure S7 and S8). From this result, AMDBH should be added
at a high concentration for a fast reaction rate. To confirm the role of NCL additives (MPAA, TCEP) in the Thz ring-opening reaction, we
conducted the same experiment without these additives. The conversion was almost the same as the conditions with NCL additives both at
pH 4.5 and at pH 7.0 (Figure S9), indicating that MPAA and TCEP were not relevant to the reaction mechanism.
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Figure 1. N-terminal Thz ring-opening using 2-aminobenzamide-based aldehyde scavengers. HPLC gradient: acetonitrile 10-40% for 30 min. (a) Aldehyde
scavengers in this work. (b) Reaction scheme of Thz ring-opening test. (c) The reaction between an aldehyde scavenger and formaldehyde from Thz. (d) Time-
course analysis of Thz ring-opening with s1-s4 at pH4.5. Conversion yields were calculated from the peak area of HPLC analysis at 220 nm. (e) Time-course
analysis of Thz ring-opening with s4 at deferent pHs. (f) HPLC analysis of Thz ring-opening with s4 at pH 4.0. * is a non-peptide peak. (g) HPLC analysis of Thz
stability test with s4 at pH7.5.

Compatibility of aldehyde scavengers to a thioester moiety at NCL conditions

Methoxyamine could react with thioester at NCL conditions because thioester moieties are susceptible to nucleophilic attacks."!
We tested the compatibility of AMDBH with thioester moieties. Glycyl thioester peptide 2 (H-SYRKG-diketopiperazine (DKP) thioester)
was synthesized using an Fmoc-compatible peptide thioesterification method based on Cysteinyl Prolyl Imide (CPl), which we reported
previously (Figure $10.).4344 The peptide 2 was exposed to 200 mM methoxyamine or AMDBH buffer based on ‘condition A’ at pH
7.0 or 7.5 and the reaction was monitored by RP-HPLC and MALDI-TOF/MS (Figure 2a.). In the case of methoxyamine, the thioester
peptide was quantitatively converted into C-terminal methoxyamine adduct 2-MA within 1 h both at pH 7.0 and at 7.5 (Figure 2b and
S11b). On the other hand, in the case of AMDBH, the MPAA thioester peptide 2-MP remained as the main peak in 1 h and ADMBH
adduct 2-AD and hydrolyzed peptide 2-hy were observed at almost the same ratio (Figure 3c and S11c). From these results, AMDBH
has much smaller effects on thioester moiety in NCL conditions than methoxyamine does.
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Figure 2. C-terminal DKP thioester stability test with aldehyde scavengers. HPLC gradient: acetonitrile 1-25% for 25 min. (a) A Reaction scheme of DKP thioester
stability test in NCL buffer. (b) HPLC analysis with 200 mM methoxyamine at pH 7.0. (c) HPLC analysis with 200 mM AMDBH (s4) at pH 7.0. To discriminate the
non-peptidyl peaks, the buffers without peptides were analyzed by HPLC at the same gradient.

One-pot multiple peptide ligation with model peptides

Encouraged by these positive results, we tried to conduct one-pot peptide ligation with the combination of AMDBH and N-terminal
Thz using model peptides. We synthesized four model peptide segments (3, 4, 5, 6) as shown in Figure 3a. To introduce thioester
moieties to the C-terminus of peptides, we used the thioesterification method based on CPI. This one-pot ligation was carried out in the
buffer containing 6 M Gn+HCI, 0.1 M phosphate, 100 mM MPAA, 20 mM TCEP. The concentration of phosphate was reduced from
‘condition A’ to ease the adjustment of pH from 7.5 to 4.0. This experiment was monitored by RP-HPLC and MALDI-TOF/MS.

The first NCL between 5 and 6 went to completion at pH 7.5 within 2 h and ligated peptide 7 emerged (Figure 3b). Then, the
ligation buffer was acidified to pH ~4.0 with 12 M HCI aq. to convert N-terminal Thz into Cys. To shorten the reaction time, the acidified
mixture was stirred at 50 °C at this trial. The conversion of 7 to Cys peptide 7' proceeded within 4 h (Figure 3c). After readjustment of
pH to ~7.5 by 12 M NaOH aq., peptide 3 was added to the mixture and the second NCL was proceeded cleanly within 3 h, and ligated
peptide 8 was produced (Figure 3d). Thz ring-opening was conducted again at 50 °C, pH ~4.0 and 8 converted to Cys peptide 8" within
3 h (Figure 3e). The third NCL between 8' and 2 was performed at pH ~7.0 and the final ligated peptide 9 was observed as the main
product in the HPLC analysis of the reaction mixture after 1 h stirring (Figure 3f). Through the one-pot reaction, AMDBH-adducts were
not observed as an obvious peak at the HPLC chart. The ligation mixture was purified by a preparative RP-HPLC and 9 was isolated
in 42% yield calculated from the amount of 6 (Figure 3g and 3f).
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Figure 3. One-pot four-segment ligation using model peptides. HPLC gradient: acetonitrile 1-40% for 30 min. (a) The reaction scheme and sequences of model
peptides. (b) HPLC analysis of 1st NCL. * is a non-peptide peak. (c) HPLC analysis of the first deprotection of Thz. (d) HPLC analysis of the second NCL. (e) HPLC
analysis of the second deprotection of Thz. (f) HPLC analysis of the third NCL. (g) HPLC profile of 9 after HPLC purification. (f) MALDI-TOF/MS spectrum of purified
9. The observed mass was 3656.2 Da (calcd 3657.4 Da, [M+H]").

Conclusion

In summary, we developed a novel one-pot four-segment ligation strategy by developing a 2-aminobenzamide-based
aldehyde scavenger for N-terminal Thz deprotection. This scavenger could efficiently open the Thz ring by capturing formaldehyde only
at pH ~4.0 and had a negligible effect on thioester moieties of peptides in the NCL condition at pH ~7.5. We accomplished one-pot
four-segment ligation in the NCL buffer containing AMDBH by adjusting pH between 7.5 and 4.0 repeatedly. The simple protocol offered
a good yield of ligation product. While the use of basic pH for removal of protecting groups sometimes cause side-chain degradation
or epimerization, an acidic condition used in this study does not need to be concerned about such side reactions, suggesting that our
strategy could be employed for the assembly of more than four segments by repeating the pH control. We believe that this method
reported here will contribute to the efficient one-pot synthesis of challenging protein targets such as large proteins or brunched proteins.
Furthermore, we think that these 2-aminobenzamide derivatives have the potential to be used in other applications. For example,
because these derivatives can react with aldehydes in aqueous conditions without significant degradation of nucleophile-liable moieties,
these derivatives could also be used for selective reactions with aldehydes in cells or tissues, in which thioester moieties are prevalent.
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