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1. Introduction

Ribosome-derived, end-to-end macrocyclic
commonly occur in nature. They include pifinand circular
bacteriocind from bacteria, 6-defensind from animals,
cyclotided® and sunflower trypsin inhibitotsfrom plants. The
cyclized backbone protects these peptides fromadiegion by
exopeptidaseS. In addition, cyclic cysteine-rich peptides
possessing one or more disulfide bonds further mréhaheir
resistance to degradation by heat, chemical or reaty

treatmenf® Certain cyclic cysteine-rich peptides such as

cyclotides and SFTI-1 are cell membrane permeaitkt aaally

active!®' Consequently, naturally-occurring cyclic cysteine-

containing peptides provide useful scaffolds asplates for
peptidyl drug development® Our laboratory has a strong
interest in the discovery of cysteine-rich peptjdesth linear and
cyclic forms, from medicinal planits'®in addition to methods for
their synthesid®?

In the bioprocessing of a
macrocycle, a cyclase is required for transpeptidateactions,
catalyzing the cleavage of a mature domain frompitscursor
and the formation of an end-to-end peptide bongblnng their
terminal residues. However, only three cyclases, ,TRATG
and PCY1, have been isolated and charactefiZ&dut not been
exploited for chemical synthesis of peptide macctizgtion.
Cyclases mediating the cleavage and cyclizationtiass foro-
defensins and cyclotides remain to be discoveregavsginyl
endopeptidase (AEP) has been implicated in the afgaand
cyclization of cyclotides, but its isolation andachcterization
remain elusivé® However, intein and Sortase A, two
transpeptidases which are not naturally-occurriggases, have
been exploited successfully for peptide macrocgtimn >’ *°

Intein, embedded as an endopeptidase in a proieira
protein-splicing enzyme that mediates self-excision ligation
of the two flanking segments, N- and C-extein, todpce a
newly joined N-C extein as a mature sequeéhd&Such splicing
process catalyzed by intein involves four-step ac¥lift
reactions™* The first step that initiates the chain of acyiftshs
the N-S/O acyl shift, which breaks the amide bond betws-
extein and N-terminal Cys/Ser of intein and formsester or a
thioester in the catalytic pocket. This step islitated by acis-
conformation of the scissile amide bond. The secaey shift
reaction is an S/O-S/O transesterification reaction the
nucleophilic attack from N-terminal Cys/Ser of Q@R joining
N- and C-exteins as a branched peptide via an estethioester
bond. The third step involves intein self-excisthrough an N-N
acyl shift reaction that occurs at C-terminal Asnimtkin via
succinimide formation. The final step is not enzyozalyzed
and occurs spontaneously via an S/O-N acyl shifttiea that
joins the N- and C-exteins as a new peptide bormdeehanism
identical to Native Chemical Ligatiofi>’ Muir's group has
successfully exploited the intein biosynthesis fprotein
engineering in expressed protein ligation (EPL)Since then
intein-splicing techniques have been applied fogation,
cyclization and protein labeling. For preparing loy@eptides
using a recombinant system, a useful construct ifnear
precursor design of Cys-peptide-intaiith an N-terminal Cys,
as demonstrated by the synthesis of kalat&B1.

The chemical scheme of an amide-to-amide apprdach
prepare peptide macrocycles employs an amide bsral latent
thioester to form a new amide bond, mimicking ateimbased
peptide cyclization scheme&¢heme ). The use of amides as
latent thioesters is best exemplified by N-alkylsteyne,
secondary cysteinyl amides that have been sucdigssfploited
by Hojo and his coworkers in solid-phase peptidetssis using

Fmoc chemistry® Under acidic conditions, N-alkyl cysteinyl
amide readily undergoes an N-S acyl shift from emda to a

peptidespioester at a much faster rate than the cystainyde bond®

Various simplified versions of N-alkyl cysteine haakso been
developed®* and an example is the C-terminal
thioethylbutylamido (TEBA) linker recently introded by our
laboratory”” An advantage of the TEBA linker compared to a
MeCys moiety is that it does not contain @earbonyl group.
And eliminating the carbonyl group in TEBA also eliraies the
B-elimination side reaction of the MeCys in peptisinthesis
using Fmoc chemistr}.

Amide e Thioester —» Amide

A. Intein-catalyzed cyclization
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Scheme 1.Schematic illustration of intein-catalyzed syntiseand
chemical approaches using thioester surrogates pi@paring
macrocyclic peptides.

For its application in macrocyclization, the TEBAMer is
placed at the C-terminus of a linear construct @ggtide-TEBA
with Cys at the N-terminusScheme 2 Such a construct is
similar in arrangement to the precursor constrli€€ys-peptide-
intein in which intein mediates the cyclization réawc. The
TEBA linker also mediates macrocyclization of a (@gptide-
TEBA construct. Under acidic conditions, the TEBA ntpie
isomerizes via an N-S acyl shift reaction from amide to a
thioester, which is trapped by an N-terminal Cysitkia a thiol-
thioester exchange, an S-S acyl shift reactiofioim an end-to-
end thiolactone. Interestingly, such thiolactoneelatively stable
under acidic conditions as shown by our recent sgishof
cyclic conotoxii* and kalata Bf? Under basic conditions, the
end-to-end thiolactone undergoes a proximity-drivi&eN acyl
shift reaction, resulting in the formation of a namide bond to
yield a macrocycle. Advantages of the TEBA linkage aas
thioester surrogate include its ease of synthexgiscampatibility
with Fmoc chemistry.

Here we describe two amide-to-amide schemes in the
synthesis of cyclic cysteine peptides, a cyclotigelyotide Bl
(hB1) and a sunflower seed trypsin inhibitor SFTH. the
biological scheme using an intein, we investigatkd intein
splicing site specificity to optimize its biosyn#ie of the
cyclotide hB1. In the chemical scheme, we applie@ th
thioethylbutylamido (TEBA) as a C-terminal linkenfpreparing
SFTI-1 and showed that the amide-to-amide cyclinatian be
performed in a one-pot reaction using the cruddigemfter its
cleavage from the resin support.
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3
Hedyotide B1 (hB1), the first bracelet cyclotide ntéed

N-S
Acyl shift

l from herbal plantHedyotis biflora, is a cyclic cysteine-knot
peptide of 30 residués.For an intein-based synthesis of hB1,
0 each of the six Cys residues can serve as a ligatite for
N macrocyclization using &ys-peptide-intein linear precursor. To
H determine the optimal ligation site, we preparedsatl linear
precursors of hB1, named as B1X (X = R, T, P, G, i &j
based on the six Xaa-Cys dipeptide sequences in(KBa =
Arg, Thr, Pro, Gly, Tyr and Phe), each with an N-temhiCys
residues and a different Xaa-residue at the C-termTable 1).

S-N
Acyl shift

These precursors were co-expressed with intia that linked

0] to a chitin-binding domain (CBD) in dh. coli system $cheme
3). The fusion protein B1XAxe-CBD was isolated in a chitin
column, where the enzyme-catalyzed thioesterificatiand
thiolysis took place. The reducing thiol sodium 2-
mercaptoethanesulfonate (MESNa) was added to faeilBd X
release by thiolysis, a thiol-thioester reactionalso protected
multiple Cys residues from disulfide formation. Woaisly we
have shown that cysteine-rich peptides, both therhihal and

Thiocester internal Cys side-chain thiol groups can undergo an
Scheme 2 A scheme demonstrating the biomimetic peptide;

cyclization mediated by thiolethylamido (TEA) grouphree acyl ln_tramolecular t_hlol-th_loester reac_tlon, an S'Sl.atyft reac_tlon
shift reactions (N-S, S-S, S-N) mediate the breglind making of with the C-terminal thioester, leading to the forimatof multiple
the peptide bond. Through a series of acyl shiftg thioester pepyde. thlolac_tone§. These .thllolactones . fac.|I|tate the
surrogate was excluded from the target peptide #itnN and ¢ CYclization reaction through a thia zip mechanisnthelactone
termini joined by an amide bond. ring expansion via a series of entropy-driven thiwblactone
exchange reactiort8.The thiolactone ring expansion leads to an
end-to-end thiolactone with the “/dmine and Gcarboxyl
brought into close proximity to allow an S-N acylfsheaction
to occur resulting in a peptide macrocycle.

(o] R

S-S
1. Acyl shift H2N
D s

2. Results and Discussion

2.1. Intein-mediated synthesis of hedyotide B1
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Table 1.Six hedyotide B1 precursors B1X (X for R, T, P, G,Fy with different ligation site residues

Precursor Amino acid sequences
hB1 GIR Ic GET ICI FVLP ICI VEAKFG lCVY \C/ OKGF \él YRN
B1R C GET C FVLP C WEAKFG C Y C (KGF C YRNGIR
B1T C FVLP C WBAKFG C Y C (KGF C YRNGIR C GET
B1P C WBAKFG C Y C (KG- C YRNGIR C GET C FVLP
B1G CY C XG- C YRNGIR C GET C FVLP C WBAKFG
BlY C KGF C YRNGIR C GET C FVLP C WBAKFG C Y
B1F C YRNGITR C GET C FVLP C WSAKFG C Y C (KGF

Cysteine residues (in yellow) are aligned with the native sequence.
Different C-terminal residues are highlighted in red.

- . For the release of B1X from the intein, we foundt thath
HzNMN\; inter- and intramolecular thiolysis occurred undeutral to basic
B pH. For our experiments, the release of B1X was pad by

an intermolecular thiolysis using a large exces&SNa and

the amount released at 12 h and 24 h intervals walyzed by

l Intein-mediated SDS-PAGE based on the intact fusion protein and rE&D
Ehilsester-tonmation which remained on the chitin-beadfig. 1A). Our results
showed that the cleavage of B1G (X = Gly) from fuspwatein
G was complete within 12 h whereas cleavage of B1R, B1B1¢
§y N [ ) (X = Arg, Tyr and Phe, respectively) was incompletelih h,
with yields about 50%, but increased to >80% afterh2(Fig.
l On-column cleavage 1B). The thiolytic release from the fusion proteinboth B1T (X
= Thr) and B1P (X = Pro) was slow, with yields aboQ¥%®&for
— B1T and 50% for B1P after 24 h.
(0]
NH,
SH A
Thia zip cyclization
l P protein BIR  B1T BIP  BIG  BIY BIiF
M T T ST 2 5 6 7 8 8 10 1 12
kT
;_8 . o O TR0 1 0
2 Qo 2 N us 20
. g:NH, r«N—l,W
ONH;H Ring expansion B 0
Z o
5 NH: g' Th ——B1R
<. (T g T
J\ 7 2 5 —-B1P
re 5 -B1G
4[, S-N acyl shift F 25 --B1Y

. -»-BIF
N S 0 T )
>~ 0 12 24

. . . . . . Time (h)
Scheme 3 Schematic illustration of Intein-mediated thimes

formation and enzyme-free thia zip cyclization. @jrs¢-rich . . - .
peptides (N-terminal cysteine in orange and C-teainresidues in Fig. 1. Comparison of cleavage efficiency of six B1X precuss

green) were co-expressed with intein (red) andirehinding (A) SDS-PAGE analysis of proteins remained on chigfumn.
domain (brown) inE. coli. The fusion proteins were extracted and Protein samples were prepared by dissolvingl3fhitin beads in
purified on the affinity column containing chitieads (blue). Intein- 151l 2x loading buffer and heating at 100 °C for 1 mihe odd-
mediated N-S acyl shift reaction resulted in foiovatof peptide- Number lane of each clone shows cleavage ratio afzeth
thioesters that were cleaved from the fusion pmstghrough S-S incubation in column buffer containing MESNa ane thven-
acyl shift reactions either by MESNa-mediated #sil that number lane shows the cleavage ration after 24 wbaton. (B)
produced MES-peptide thioester or by internal tmediated Comparison of cleavage efficiency of six BM&e-CBD fusion
thiolactone formation. The on-column cyclizatiometon proceeded proteins.

through thia zip mechanism and resulted in endatb-eyclic

cysteine-rich peptides.



Next, we identified the products released from thelytic
reactions by HPLC and M@ig. 2A). We anticipated that the
B1X-thioesters (MES thioesters) and/or B1X-thiotenets would
undergo the thia zip mediated macrocyclizationatonf the end-
to-end lactam, the cyclic but S-reduced form of hBlhdeed,
HPLC analysis showed that the cyclic hB1 was obtasedhe
major product for B1G, B1Y, B1F, B1R (>90%) and BT (
60%). In contrast, B1P afforded <5% vyield of cgdi1P, with
B1P-OH, the hydrolyzed product (60% vyield), as thgomside
product together with about 30% vyield of the unreddhioester
B1P-MES Fig. 2B). By calculating the peptide release from the
intein and cyclization vyield, we obtained the ramkirof
cyclization efficiency as Gly>Arg, Tyr, Phe>Thr>>>Pwith a
difference of 20-fold between B1G and B1P. Our ressufggest
that in designing a Cys-peptide-intein construtdcing a Gly at
the C-terminus as the C-terminal ligation site ighly desirable
while a hindered amino acid such as Thr or Pro uralds.
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Fig. 2 Comparison of cyclization efficiency of six B1X
precursors. (A) HPLC profiles of product mixturestetlifrom
chitin column. (B) Cyclization products analysigiayield.
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Fig. 3. Global oxidative folding of hedyotide Bl. Reduced
hedyotide B1 (peak R) was eluted at 42 min and edtedyotide
B1 (peak N) at 43.8 min.

The fully reduced cyclic hBl1 was subjected to global
oxidative folding with 10uM cyclized hB1 in the presence of
reduced/oxidized glutathione (molar ratio peptidef3SSSG =
1:10:100) and 70% isopropanol at pH 8.5, an optichzendition
which we have previously report&d. The reaction was
completed after 48 h at room temperature to givib 4&eld of
the native-folded hB1HFig. 3, peak N). Cyclotides contain an
inner sulfur core consisting of a cysteine knot, ckhdisplaces
the bulky hydrophobic side chains to its surfacengequently, a
cyclotide such as hB1 contains hydrophobic pateimestends to
aggregate in the folding process. Addition of cbxsot
isopropanol improved the folding yield in two aspedhcreasing
solubility of peptide by reducing non-covalent maigtions, and
facilitated thiol-disulfide exchange reactions bsompoting the
native-like conformation of hB1. It should be not#tht hB1l
belongs to the bracelet family of cyclotides. Conma with
Mobius family of cyclotides, oxidative folding of rdicelet
cyclotides has been known to be difficult to obtdiigh

17,44

yields:

2.2. TEBA-mediated synthesis of SFTI-1

Sunflower trypsin inhibitor-1 (SFTI-1) is a 14-resgél cyclic
peptide with one disulfide linking Cys3 and Cysllstabilize
two B-sheets. It is one of the most potent trypsin iitbil(K;=0.1
nM) belonging to the Bowman-Birk famifylt is relatively stable
against enzyme degradation and could be a useafplate for
peptide engineering for therapeutics.

In our synthesis of SFTI-1 utilizing a precursosige of Cys-
peptide-TEBA, we started with coupling
(butylamino)ethanethiol (TEBA amine form) to the-Tt(2-Cl)
resin to afford the TEBA resin SEtheme 4 2-
(butylamino)ethanethiol is commercially availabladareadily
reacted with CI-Trt(2-Cl) resit to give TEBA-Trt(2-Cl) resir
with a thioether linkage in 1 h. An advantage of tjgproach
over an N-alkyl Cys as a linker is that the resipport serves as
a protecting group (Trt) for the thiol moiety of BE, which is
deprotected during the TFA cleavage step concurmiht other
protecting groups of the peptide. In the Cys-pepii@&EBA
scheme, there are two logical ligation sites, Cyg-&md Cys-lle.
Based on the lessons learned from the cyclotide $ithesis
using intein, Arg was chosen over fBdranched amino acid lle
as the ligation site to minimize steric hindrancehie cyclization
step.

2-



Fmoc-Arg(Pbf)-OH
HATU, DIEA, DMF
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Scheme 4A scheme of the TEBA-mediated synthesis of cyclic
peptide SFTI-1.

The synthesis of Cys-SFTI-TEBA commenced with the
coupling of Fmoc-Arg(Pbf)-OH as the first amino ad¢a the
TEBA resin using HATU as the coupling reagent. Thectiea
completed in 1 h as determined by the chloranit, tagich
detects the presence of free secondary amine. Thec-F

Arg(Pbf)-TEBA resin3 was then used as the starting material for

the synthesis of SFTI-1 in a microwave peptide sysitter by a
Fmoc-chemistry protocol with a modified deprotectsep using
20% morpholine instead of 20% piperidine (see drpamtal
section 4.8). SFTI-1 contains a base-sensitive Glspsequence,
which can lead to aspartimide formation during sgsif. To
suppress the aspartimide formation, we employedldembase
in the deprotection steps, using morpholine insteguiperidine.
In this case, less than 1% aspartimide formation eleerved.
After the completion of the SFTI-1 synthesis andéigase from
the resin support by TFA, HPLC analysis showed thad t
products, the amide form (N form) SFTI-TEB¥a and thioester
form (S form)4b, were obtained.

The cleaved peptides were subjected to cyclizatioriwio
approaches Scheme 4. The first approach was a two-step
process, a process similar to intein approach with thiolytic
release of peptide as a thioester by a large exafess external
thiol, followed by cyclization. Indeed, the Cys-SFIEBA was
released from the TEBA linker as Cys-SFTI-MES thieesising
a large excess of MESNa. The thiolytic release wagwaed at

40 °C, pH 3?10 mM TCEP was added to prevent disulfide bond

formation €ig. 4). The thioester SFTI-MES was observed as
the major product after 15 h. Subsequently, twoldlciones §a
and 6b) were also generated through thiol-thioester exgban
between the thiol side chain of Cys residues andCtherminal
thioester bond, a 19-atom thiolacto®e generated from internal
Cys and a 43-atom thiolactoBb generated from the N-terminal
Cys. The thiolactones and the end-to-end lactaml-SFT (the
reduced cyclic form) are isomers with the same MVI51Ba,
but thiolactones can be distinguished from lactgnthle stronger
UV-absorbance at 260 nm, a characteristic absorbafica
thioester bond. In HPLC trace, produgh eluted close tor
whereas 6a eluted earlier than6b. The product mixtures

Tetrahedron

containing all three product 6a and6b were subjected to the
thia zip cyclization at pH 7 at room temperaturafiord 7 after
4 h. After HPLC purification and oxidative folding Wwit20%
DMSO, native SFTI-B was obtained in 33% yield.

With two cysteine residues in the SFTI-1 sequence, w
anticipated that they could undergo a direct thuimiae formation
to release the TEBA linker, rendering the use oé&sternal thiol
for the extra step of thioesterification unnecegsdius, the
second approach in the macrocyclization of Cys-SFHBA
was performed without MESNa or any external thiol urnitie
experimental conditions similar as the previousragph. After
15 h, except for the thioest& all expected products, SFTI-
TEBA thioesterdb, thiolactoneta and6b, were found. A small
amount of hydrolysis product (<5%) eluted earlidrart
thiolactones6a in the HPLC trace was also observed. After
cyclization at pH 7, the reaction mixture containipgpduct7
was directly subjected to oxidative folding with 20BMSO
without purification. Both approach with or withoukthise of an
external thiol such as MESNa gave comparable cymizgield,
which was 89% and 84%, respectively. However, under our
experimental conditions, the approach without areree thiol
required only one purification step from the lingaecursor to
native product whereas the other approach requined
purification steps. Thus the overall yield was 10khbr (43%
vs 33% isolated yield) when no external thiol waduded in the
reaction.

4a

Starting material

4p
\

125 15.0
Time (min)

Absorbance 220 nm

10.0 17.5

MESNa

No thiols
4b

Absorbance 220 nm
Absorbance 220 nm

125 150 175

Time (min)

175 10.0

125
Time (min)

10.0 15.0

7 Cyclization

Absorbance 220 nm

100 125 15.0

Time (min)

17.5

8 Folding

Absorbance 220 nm

100 125 15.0

Time (min)
Fig. 4. RP-HPLC profiles of synthetic intermediates in the
synthesis of SFTI-1. Starting material was subjediedtwo
conditions with or without MESNa &0 °C pH 3 for 18 h. After
the pH adjusted to 7, the cyclization was conductedoam
temperature for 4 h. Then 20% DMSO was used to perfbem
oxidative folding reaction. Each intermediates wanitored by
RP-HPLC.

175



3. Conclusions

Our chemical scheme of an amide-to-amide approach
peptide macrocyclization has two major featuresoimmon with
the biological approach using an intein. First, tesign of the
linear precursor construct of Cys-peptide-inteirPEs similar,
although the size of TEBA is several hundred folchkken than
an intein. Second, they share similar chemicalgiple in the
amide-to-amide splicing process via a series ofl atyfts,
resulting in the excision of the C-terminal amideiety as an
intein or the TEBA linker, followed by forming a newnale
cysteinyl bond to generate a peptide macrocycle.

There are also significant differences between thieee
methods. Whereas an intein catalyzes the amidededter at the
C-terminal junction at neutral pH, the TEBA linkeequires
fairly acidic conditions for transforming an amitte a thioester
via an N-S acyl shift. The N-terminal cysteinyiidh and in
cysteine-rich peptides, an internally placed cysfethiol, play
an important role to release or excise either agirinor TEBA
linker to complete the excision process through onemore
thiol-thioester exchange reactions. Thus, the attoelmide
chemical approach mediated by the TEBA is particaldtable
for preparing cyclic cysteine peptides since thespnce of
multiple internal thiols greatly facilitates thelease the TEBA
linker as thiolactones which can then directly ugdethia zip
cyclization. Again, there is a large pH differenceveen the
chemical means to release the TEBA and biologicedma to
release the intein, with the former at an acidic pd the later in
neutral pH. Thus, the TEBA-mediated scheme dependthe
catalysis by general acids and bases and differs fratalysis by
specific acid and base of intein to break and npqide bonds
in peptide macrocyclization.

4. Experimental section

4.1. General

All Fmoc-amino acids reagents and solvents were use

without purification. Amino acids were purchased fr@hem-

Impex. HOBt, PyBOP and HATU were purchased from GL

Biochem. Chlorotrityl chloride resin (1.2 mmol/ghda solvents
DMF, DCM, piperidine, morpholine, and diethylether reve
purchased from Merck. All HPLC was performed on Shima
liquid chromatography using an analytical columré (@m x 250
mm) with a linear gradient of 10 to 60% acetonit(#¢N)/0.1%
trifluoroacetic acid (TFA) for 25 min at a flow raté 1 ml/min,
and a preparative column C18 column (22 mm x 250 mina
flow rate of 6 ml/min. Molecular weights were measureith
4800 plus MALDI-TOF/TOFTM Analyzer.

4.2, Cloning of Hedyotide B1 precursors

The sequence of B1 cDNA (cB1) has been confirmed by 3’

RACE and 5’-RACE reactions from previous study. TEDN&
sequence was optimized accordingBocoli codon bias index

(Table S1 by modifications on G1, R3, P12 and R29. The six

hB1 precursors B1X (X=R, T, P, G, Y, and F) were syrnitegs
by tandem-extension PCR without adding templatethénPCR

mix (Fig. SJ). For each precursor, four primers were designed tQ

fully cover the complete nucleotide sequence witerapping
oligos. Primers 1f and 4r carries the Ndel and Saptriction
sites respectively for integrating into vector pTXBMNEB,

IMPACT kit) (Fig. S2. PCR products were purified after 25

cycles of amplification by agarose-gel (2#v) DNA extraction
(Invitrogen, PureLink™ Quick Gel Extraction Kit). THeCR
products obtained from each tandem-extension maciere
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integrated into pTXB1 by Ndel/Sapl double digestiom a4
DNA ligation. Ligation products were transformed into
'Bompetent DH& E. coli. Correct clones were screened by
EcoRI/EcoRV digestion (1 h, 37 °C) and agarose-giptioresis
(Fig. S3. The purified plasmids were transformed into high-
performance expression strain ER2566 (BL21).

4.3. IPTG-induced expression and fusion protein extraction

One fresh-growing colony was innoculated into 3 ml LB
medium in a 15 ml culture tube for 3 h at 37 °C. @muieculture
was then transferred to 500 ml LB medium and shaking
incubated in a 2 L flask. Until &, reached 0.7, decreased
incubator temperature to 16 °C and added 0.3 mMslPShaked
for 24 h at 150 rpm.

Bacterial cells were collected by 10 min centrifigat at
10,000 rcf. The pellets were resuspended in cel lyaffer (20
mM Tris-Cl, pH 8.5, 500 mM NaCl, 1 mM EDTA, 0.1% Tnito
X-100) and lysed by ultrasonication for 1 h on icés-(
operation/10s-pause). The clarified cell extract ywasfied by
40 min centrifugation of the cell lysate at 10,06Dat 4 °C and
filtration (0.22 um). Expressed proteins in the cell lysates and
clarified extracts were examined by SDS-PAG( S4).

4.4, On-column purification and cleavage

Chitin beads (10 ml) were loaded into chitin-bindicgumn
and then calibrated by 100 ml column buffer (20 rikik-Cl,
500 mM NacCl, 1 mM EDTA, pH 8.5). Pre-chilled 50ml dfiead
cell extract from 1 L cell culture was slowly loaded to the
chitin column (flow rate <0.5 ml/min). Chitin beadere washed
with at least 200 ml column buffer (flow rate = 2 milh) to
stabilize the affinity binding between chitin and CBAfter
wash, beads were flushed with 50 ml column bufferetnave
unspecific binding. This purification step was cocidgd under 4
°C in the cold room. Chitin beads were then flusthth 20 ml
cleavage buffer containing mercaptoethanesulfor@® mM
Tris-Cl, 500 mM NaCl, 1 mM MESNa, pH 8.5) and inculobie
room temperature for 24 h, or at 4 °C for not mtban 48 h. The
Cleavage efficiency was checked by analyzing thamalbound
proteins using SDS-PAGE. Splicing products were elutéh
10 ml cleavage buffer. The eluents were desaltedguSPE
ODS-C18 Cartridges (1 ml) and eluted with 1 ml 60% ACN,
0.05% TFA, pH 2.0. TCEP (30 mM) was added to the dtuen
and incubated for 1 h at 37 °C to reduce any urerpedisulfide
bonds.

4.5, Tricine SDS-PAGE

Samples for SDS-PAGE included cell pellet from 1 nil ce
culture before induction, cell pellet from 0.5 nelllcculture after
induction, cell debris from 5@l crude extract, clarified extract
from 50l crude extract, 2@l chitin beads collected after step
sample loading, and 2@l chitin beads after cleavage. Six
samples were resuspended/mixed withp#l@x sample loading
buffer (Biorad, tricine-SDS sample buffer) and hdaaé 100 °C
for 10 min. Tricine-SDS separation gel contained 10%
acrylamide/bis-acrylamide mix (29:1 stock solutiodM Tris-
Cl/0.1% SDS W/v, 3x stock solution, pH 8.5), 20% glycerol,
0.05% ammonium persulfate (APS)/Y, 10% stock solution),
and 0.005% TEMEDwW/v). Tricine-SDS stacking gel contained
4.05% acrylamide/bis-acrylamide mix (29:1 stock ugioh),
7.5% Tris-Cl/0.1% SDSwjv, 3x stock slution, pH 8.5), 0.05%
ammonium persulfate (AP®/v, 10% stock solution), and 0.01%
TEMED. The 5x Tricine-SDS PAGE running buffer stock was
prepared by 0.5M tricine, 0.5M Tris-base, 0.5% SB&)(
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4.6. RP-HPLC analysis added directly to the cyclization mixture to perfothe oxidative
folding reaction. For both conditions, the oxidatiolding

Analytical RP-HPLC was performed using C18 column (5,caction was quenched with 1 N HCI to pH 2 and puribigd
pm, 300 A, 4.6x250 mm) with a flow rate of 1 ml/min. The using RP-HPLC to give native SFTI-1.

mobile phase included buffer A (0.05% TFA, milli-Q w8gtand
buffer B (80% ACN, 0.035% TFA, milli-Q water). The gradt Acknowledgments
for cyclic products was 10-70% ACN for 60 min. The djesat

for folding products was 0-50% ACN for 50 min. This research was supported in part by BiomedicaeReh

Council (BMRC 09/1/22/19/612) of A*STAR and National

Research Foundation (CRP8-2011-05) of Singapore.
Lyophilized B1 precursors were oxidized by GSH and GSSG

in the molar ratio of peptide:GSSG:GSH = 1:10:100. ptveder

mixture was dissolved in 70% iPrOH with 0.1 mM Tris{@GH

8.5) and mixed by vortex. The reaction solution weagassed by

nitrogen to eliminate oxygen interference to thmltthioester

exhange reaction. Folding reactions were conduaed8 h at

room temperature.

4.8. Synthesis of SFTI-1 on TEBA-loaded resin

4.7. Disulfide folding and characterization

CI-Trt(2-Cl) resin (417 mg, 0.5 mmol) was swollen 88 min
in CH,Cl, (15 ml) and washed with GBI, (10 ml x 2). The
resin was re-suspended in 10 ml LH. To the suspension, 2-
(butylamino)ethanethiol (37.46l, 0.25 mmol) was added, and the
suspension was shaken for 1 h at room temperathen DIEA
(233 pl, 0.75 mmol) in MeOH (10 ml) was added to the
suspension and the suspension was shaken for 10 Aftar.
filtration, the resin was washed with g&, (10 ml x 3) and
DMF (10 ml x 3). To the resin, a pre-mixed solut@mtaining 4
equiv Fmoc-Arg(Pbf)-OH (M.W. 648.8, 1 mmol 649 mg), 4
equiv HATU (M. W. 380.2, 1 mmol, 380 mg) and 6 equiEBI
(265 ul, 0.75 mmol) was added. The coupling reaction was
performed at room temperature for 1 h and monitobsd
chloranil test (2% acetaldehyde, 2% chloranil in DNBFmin at
room temperature). Peptide elongation was carried imwan
automatic microwave peptide synthesizer using PyB@EHD
Fmoc deprotection was performed by the use of 20%phadine
in DMF. 940 mg SFTI-TEBA-loaded resin was produced an
cleaved with 10 ml cleavage cocktail containing TH&/H,O
(95/2.5/2.5,vlv) to remove the solid support and side chain
protection groups. The cleavage reaction was alladwgitoceed
for 2 h and cold diethyl ether was used to predipitae peptide.
Then it was driedn vacuo and analyzed by RP-HPLC. 330 mg
precipitation was generated and used directly fer ftlowing
cyclization reaction.

4.9. Cyclization and folding of SFTI-1

4.9 mg crude peptide precipitation containing SFEBA 4a
and4b was dissolved in 0.1M sodium phosphate buffer (pd 3,
ml) at a concentration of 3 mM. The reaction migtuvas
incubated at 40 °C with or without MESNa (15®ol, 24.7 mg)
for 18 h. TCEP (1Qumol, 2.9 mg) was added to prevent the
disulfide formation through inter- or intra-moleaulinkage. The
formation of synthetic intermediates such as therss and
thiolactones was monitored by RP-HPLC at both 220 26@
nm. Then the reaction mixture was diluted with 0.1dtliem
phosphate (pH 3, 2 ml) and adjusted with 1 N NaOH. After t
pH was adjusted to 7, the thia zip cyclization wasvedid to
proceed for 4 h at room temperature. The cyclipaimcess was
monitored by RP-HPLC. After the cyclization completede
reaction mixture was purified by RP-HPLC when MESNa was
included as an external thiol. Reduced cyclic SEMas then
dissolved in pH 7.5 phosphate buffer at concenmatibl mM
and 20% DMSOWv) were added. The oxidative folding reaction
was allowed to proceed at room temperature and nreditby
RP-HPLC. For conditions without MESNa, 20% DMSO was
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Table S1 Primer design for tandem-extension PCR to amplify ®P sequences flanked by
Ndel/Sapl restriction sites The longer nucleotide lengths and higher GC auntef the
complementary region on 2f/3r conferred higher meltemperature (Tm) for the first extension
reaction to prepare double-strand template fos#w®nd extension. The annealing temperatures based

on Tm were set as 54°C fot fieaction and 47°C for thd“eaction.

Primer Sequence Tm (°C)
B1R-1f  5-GGTGGTCATATGTGCGGTGAGATECTTCGTTTTACCGTG - 513
B1R-2f  5- TGCTTCGTTTTACCGUFGGTCCG@AGTTCGGCTGCTACTGCC_| 59'1
B1R-3r 5- AACCCTTTGGCAGTAGCAGCCGAACTT _:I '
BiR.4r  5-GGTGGTTGCTCTTCCGCAGCGAGTG °3.1
B1T-1f  5-GGTGGTCATATGTGCTTCGTTTTACCGTGCTGEGCCAAGTTCGGH £38
B1T-2f  5- TCCGCCAAGTTCGEBGCTATGCCAAAAGGGTTTTTGTTAC i 57'6
B1T-3r 5- CGTTGCGTAACAAAAACCCTTTTGGCA :I :
B1T.ar  5-GGTGGTTGCTCTTCCGCAAGTCTE 541
B1P-1f  5-GGTGGTCATATGTGCTGGTCCGCCAAGGGCTGCTACTGCC — — 530

B1P-2f 5- TCGGCTGCTACTGARAAGGGTTTIGTTACCGCAACGGCAC |
B1p-3r 5- GCAGCGBTGCCGTTGCGGTAACA :I 58.6
B1p.ar  5-GGTGGTTGCTCTTCCGCACGGTAA 51.9

B1G-1f 5-GGTGGTCATATGTGCTACTGCCAAAAGGGTTGTTACCGCAACGG—
B1G-2f 5- TTTTGTTACCGCAACGACTCGOBCGGTGAGACTTGCTTCG

B1G-3r 5" GCACGGTAADGAAGCAAGTCTCACCGC ::I 59.1
B1G.4r 5-GGTGGTTGCTCTTCCGCAGCE 52.5

53.1

B1Y-1f  5-GGTGGTCATATGTGCCAAAAGGGTTTGTTACCGCAACGG -
B1Y-2f 5- TTTGTTACCGCAACGACTCGCBECGGTGAGACTTGCTTCG

B1Y-3r 5" GCACGGTAADGAAGCAAGTCTCACCGC _:I 59.1
Bly.4r  5-GGTGGTTGCTCTTCCGCAGTAGCAGGE 52.5

53.1

B1F-1f 5-GGTGGTCATATGTGTTACCGCAACGBSCTCGCTGCGGTGAG -

53.0
B1F-2f 5'- ACTCGCTGCGGTGHITGCTTCGTTIACCGTGCTGGTCCGC |
B1F-3r  5- CGAACTTGCGGACCAGCACGGT _] gj-g

B1F-ar  5-GGTGGTTGCTCTTCCGCAAAAACCCT

Ndel/Sapl restriction sequences on primers 1f/4ewe bold. Complementary sequences on 2f/3r
pair for the first annealing were highlighted indl The annealing sequences for the second extensio
reaction on 1f/2f and 3r/4r were highlighted witldrand orange, respectively.
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Figure S1 Schema illustration of tandem-extension PCR Forward primer plf carried Ndel

restriction site and 5-end of CRP cDNA. Forwardnger p2f contained 14-17bp overlapping

sequence that complementary to pif (red) and 1p-2i#rlapping sequence that complementary to

p3r (blue). Reversed primer p3r overlapped with (i?fie) and p4r (orange). Reversed primer p4r

overlapped with p3r (orgnge) and carried Sapl ieg&in site on its 3’-endIn the first chain reaction

with higher annealing temperature (56-58°C), or§ and p3r participated in the polymerization to

generate amplicon 1 for 5 runs. In the second clention, plf and p4r annealed with amplicon 1 at

lower annealing temperature (51-53°C) to produceliman 2 and 3. In the following runs, all four

primers participated in extension reactions to poedamplicon 4, the expected product that possessed

the full length of CRP cDNA sequences flanked by Msiapl restriction sites.
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PCR v \J
product GGTGGTCATATG TGCGAAAGAGCAACCACC \
B1x CCACCAGTATAC X  ACGCCTTCTCGTTGGTGG | \‘
A A \

Sapl

Sapl

pTXB1 CATATG GGCTCTTCC | TGC
cratac MCS cceacance ace Mxe

Double-digested
products Ligation

Recombinant

Plasmid N TaTc TGC plasrrud
pTXB1-B1x GTAT PR e  Mxe

Figure S2 Preparation of recombinant plasmid pTXB1-B1x The PCR products B1lx that flanked
with enzyme binding sites (orange) and pTXB1l vedidCS in blue,Mxe intein in red) were
subjected to Ndel/Sapl double digestion. Ligatidntlee digested products gave a recombinant
plasmid with the in-frame insertion of B1x sequenpstream oMxe intein.
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Figure S3. EcoRI/EcoRV double digestion screeningf @lasmids with PCR product insertion

Vector pTXB1 was used as negative control, whicls wiested into two fragments. Five colonies
were picked for overnight culture. Plasmids extddby mini-prep were subject to double digestion
and agarose gel electrophoresis. Plasmids 1, % avate suggested to contain PCR product insertion,

which replaced MCS region containing EcoRlI restitsite. Plasmids 2 and 3 were empty vectors.



. B1R B1T B1P B1G B1Y B1F
Protein
Marker 1 2 3 4 5 6 7 8 9 10 11 12
kDa

50

37 <B1x-Mxe-CBD
25 31.4kDa

. LK

Protein
Marker 1 2 3 4

kDa
50
37
<4 B1R-Mxe-CBD
25 31.4kDa

20
15
10

Figure S4 Expression and extraction of fusion protein B1XMxe-CBD. (A) The overall expression
level of fusion proteins (X for R, T, P, G, Y or.R)anes in odd number: cell lysate before IPTG
induction. Lanes in even number: cell lysate affedrG induction (B) The solubility of single-intein
fusion protein B1IR-Mxe CBD. Lane 1: cell lysate drefinduction. Lane 2: cell lysate after induction.

Lane 3: insoluble cell pellet containing inclusioodies. Lane 4: clarified cell extraction.



Cyclic reduced hB1 (Calc. 3410.8, Fd. 3410.3)
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B1P-MES thioester (Calc. 3551.2, Fd. 3552.1)
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Figure S5 MALDI-TOF spectra of cyclic reduced hB1, hydradyfreduced hBlx, B1IP-MES
thioester and native-folded cyclic hB1.
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6b (calc. 1514.8, fd. 1515.9)
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Figure S6& MALDI-TOF spectra of SFTI-TEBA (N-forrda), SFTI-TEBA (S-formdb), SFTI-MES
thioester §), 19-atom SFTI-thiolactoné§), 43-atom SFTI-thiolactoneék), cyclic reduced SFTI7
and cyclic folded SFTIg).



