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Native chemical ligation (NCL) enables the total chemical synthesis of proteins. However, poor peptide

segment solubility remains a frequently encountered challenge. Here we introduce a traceless linker that

can be temporarily attached to Glu side chains to overcome this problem. This strategy employs a new

tool, Fmoc-Glu(AlHx)-OH, which can be directly installed using standard Fmoc-based solid-phase

peptide synthesis. The incorporated residue, Glu(AlHx), is stable to a wide range of chemical protein syn-

thesis conditions and is removed through palladium-catalyzed transfer under aqueous conditions.

General handling characteristics, such as efficient incorporation, stability and rapid removal were demon-

strated through a model peptide modified with Glu(AlHx) and a Lys6 solubilizing tag. Glu(AlHx) was incor-

porated into a highly insoluble peptide segment during the total synthesis of the bacteriocin AS-48. This

challenging peptide was successfully synthesized and folded, and it has comparable antimicrobial activity

to the native AS-48. We anticipate widespread use of this easy-to-use, robust linker for the preparation of

challenging synthetic peptides and proteins.

1. Introduction

Chemical protein synthesis (CPS) provides an unparalleled
route to proteins that cannot be readily accessed by other
methods.1–3 Proteins and peptides with unnatural chemical
moieties (e.g., biotin and fluorophore labels), post-transla-
tional modifications (e.g., ubiquitylation, acetylation, glycosyla-
tion), and mirror-image D-amino acids have been synthesized
by CPS. This process most commonly employs two primary
techniques: solid-phase peptide synthesis (SPPS)4 to synthesize
peptide segments up to ∼50 AAs and a chemoselective ligation
method such as native chemical ligation (NCL)1 (for other lig-
ation strategies, see reviews).3,5,6

After SPPS, crude peptide segments are typically purified
using reverse-phase HPLC (RP-HPLC) with an acidic aqueous/
organic system using acetonitrile (ACN). The pure peptides can
then be ‘stitched’ together through ligation. NCL requires a
C-terminal peptide thioester and an N-terminal thiol (usually

Cys) to generate a native amide bond between two segments.
Unfortunately, Cys residues are relatively rare in proteins (1.4%
abundance).7 To circumvent this shortcoming, the Dawson
and Danishefsky groups developed desulfurization methods to
convert Cys to Ala.2,8 These methods allows NCL junctions to
be temporarily introduced at natural Ala (8.2% abundance)7

residues, which are then desulfurized post-ligation. Similarly,
selenocysteine can also be used to temporarily create a ligation
junction (and converted back to Ala post-ligation), and has
been extensively demonstrated by the Payne and Metanis
groups.9–11

A major bottleneck in CPS is poor solubility of peptide seg-
ments. ‘Difficult’ peptide segments diminish purity and yield
through on-resin aggregation, poor resolution during purifi-
cation, and limited solubility during chemical reactions.12,13

During SPPS, on-resin aggregation can be combatted through
several tactics, such as lower resin loading densities and
pseudoproline14,15 or isoacyl16–18 dipeptide building blocks.
In-solution aggregation can also be disrupted through solvent
or amide backbone manipulation, but another promising
approach has been to introduce polar functional groups (gen-
erally cationic) into a difficult peptide segment (for a compre-
hensive review, see ref. 13). These solubilizing tags have been
attached to peptides through N- and C-termini, residue side
chains, and within the backbone.

For example, the Kent,19 Tietze,20 and Aimoto21 groups
have employed a solubilizing tag on peptide C-termini via a
thioester linkage, which is then removed during NCL.
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Unfortunately, the solubilizing benefits of these tags are not
maintained throughout multiple ligations. The Liu group pro-
duced a generalized strategy for introducing solubilizing tags
at any amino acid with their removable backbone
modification.22–26 Brik,27–29 Aucagne,30 and Yoshiya31,32 devel-
oped Cys linkers based on acetomidomethyl (Acm)-, disulfide,
and trityl-groups that form stable thioether or disulfide bonds.
Yoshiya extended this concept through thiol-containing, pre-
made Fmoc-Glu/Asp amino acids.33

These linkers have facilitated the syntheses of many
difficult proteins and peptides. However, some require harsh
removal conditions that may damage peptides, rely on less
available amino acid residues, or are limited in the cargo that
can be attached to the linker. To address these needs, we
reported two generations of a Lys-based (4,4-dimethyl-2,6-
dioxocyclohexylidene)ethyl (Dde)-like protecting group (Ddae
and Ddap).34,35 These linkers or ‘helping hands’ have been
used to synthesize multiple proteins, such as the E. coli cha-
peronin GroES,34 Shiga toxin subunit B,35 and various insulin
A-chains.36,37

While Ddae and Ddap are robust, they have a few inherent
limitations. First, although Lys is a common amino acid
(5.6%),7 we have encountered numerous aggregation-prone
peptide segments that are devoid of available Lys residues. In
fact, a lack of Lys residues is often associated with poor
peptide solubility (e.g., a highly hydrophobic sequence). A lack
of suitably positioned Lys residues could force the splitting of
difficult peptides into smaller, more soluble pieces that
require additional ligations and purifications. Also, the attach-
ment of these Lys-based linkers negates the cationic charge of
the native ε-amine of Lys and introduces a partly hydrophobic
Dde-based linker. To overcome the loss of this native positive
charge and generate a solubilizing effect, multiple cationic
groups must be installed (e.g., poly-Lys).34

For these reasons, we sought to create an additional
‘helping hand’ that would be orthogonal to our existing linkers
and unlock new attachment points beyond Lys. Glu is also a
common residue (6.6%)7 and has several attributes that make
it an attractive target as a new helping hand. First, the car-
boxylic acid side chain is easily derivatized and has been used
to attach cargo to peptides.33,38 Moreover, Glu sites, as com-
pared with Asp sites, are less prone to cyclization byproducts
such as aspartimide.39 Finally, the carboxylic acid side chain
of native Glu residues does not impart significant solubility
enhancement under the acidic conditions commonly
employed during RP-HPLC. Therefore, temporary modification
at Glu residues is less likely to reduce solubility compared to
Ddae or Ddap modification at Lys residues.

2. Results and discussion
2.1 Design and synthesis of a new Glu-based linker

To begin our search for a second helping hand design, we
decided that a broadly applicable, semi-permanent linker
should possess the following characteristics:

(1) Compatibility with standard Fmoc-SPPS conditions
(2) Stability to general CPS conditions (e.g., acidic and

neutral aqueous buffers with high denaturant concentrations)
(3) Selective attachment of the desired cargo to the peptide
(4) Numerous attachment points across a multitude of

peptide sequences
(5) Removal conditions that are robust and traceless
(6) Scalable and straightforward linker synthesis.
Here, we introduce an allylic ester-based linker that satisfies

all these requirements. The allylic ester (allyl) and its corres-
ponding urethane derivative (for amine protection) allyloxycar-
bonyl (alloc) groups were first introduced by the Kunz group
for their unique orthogonality to other traditional protecting
approaches.40,41 They can be removed under near-neutral con-
ditions with a palladium-catalyzed transfer of the allyl group
to various nucleophilic scavengers. These protecting groups
are stable to both the basic conditions of Fmoc-removal and
the subsequent trifluoroacetic acid (TFA) global deprotection
and cleavage from resin. This exceptional degree of orthogon-
ality has been exploited in many examples of peptide macrocy-
clization and glycopeptide synthesis.42–47 Due to its facile
removal, the allyl group has also found a multitude of uses in
peptide chemistry. Albericio optimized the use of the alloc
group to devise an α-amine protection scheme for SPPS in
addition to the more popular Fmoc- and Boc-strategies.48,49

Danishefsky created allyl- and alloc-based linkers to attach
fixed guanidino moieties to study aggregation and optimize
handling of a difficult peptide segment during their synthesis
of glycosylated human erythropoietin.38 This rich history
encouraged us to pursue the allyl group as the foundation for
our new linker, similar to our approach with Dde and our Lys-
based helping hand. Unlike Ddae or Ddap linkers, the new Glu
hand is synthesized as a pre-made Fmoc-protected amino acid.
This new route allows direct incorporation of the linker
through Fmoc-SPPS, eliminates the initial protecting group
removal step required with Ddae or Ddap, and ensures com-
plete linker attachment.

To increase linker accessibility, we set out to develop a scal-
able synthetic route to access Fmoc-Glu((E)-4-hydroxybut-2-en-
1-yl 6-((1-(Dde)amino)hexanoate))-OH (Fmoc-Glu(AlHx)-OH)
that uses commercially available reagents (Fig. 1). Overall, we
prepared Fmoc-Glu(AlHx)-OH in four steps involving two puri-
fications (see ESI for details). First, the amine of 6-aminohexa-
noic acid was protected with Dde-OH. This crude product was
then activated and coupled with trans-2-butene-1,4-diol using
Steglich esterification conditions.50 Following purification, the
resulting compound was coupled with the γ-carboxylate group
of Fmoc-(L)-Glu-OtBu. Finally, solvolysis of the α-tert butyl ester
was effected by treatment with TFA to yield Fmoc-(L)-Glu
(AlHx)-OH in 33% isolated (overall) yield.

2.2 Incorporation, stability, and removal of AlHx in a model
peptide

In order to carefully characterize any undesired side reactions
that may occur during CPS, Fmoc-Glu(AlHx)-OH was first
incorporated in a short model peptide, C20-K9E. C20 is a
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20-residue peptide derived from the C-terminal heptad repeat
region of the Ebola virus GP2 protein.51 This peptide is a good
model due to its solubility, diverse representation of amino
acids, and use in benchmarking previous helping hand
studies that incorporated Ddae or Ddap at Lys residues.34,35

For this study, the native C20 sequence, Ac-
DWTKNITDK̲IDQIIHDFVDK-NH2, was modified to replace
Lys9 with Glu to give C20-K9E (hereafter referred to as C20E),
Ac-DWTKNITDE̲IDQIIHDFVDK-NH2.

Fmoc-Glu(AlHx)-OH was cleanly incorporated into the
peptide using standard Fmoc-SPPS coupling conditions (see
ESI†). After the peptide N-terminus was acetylated, the Dde
group was removed from the AlHx linker by iterative exposure
to a 5% hydrazine solution in dimethylformamide (DMF) (3 ×
5 min each). To address the potential alkene reduction by
hydrazine, we added allyl alcohol (15% v/v) to the hydrazine
solution, which has been shown to overcome this side
reaction.52,53 After Dde removal, a Lys6 solubilizing tag was
incorporated via Fmoc-SPPS, and the peptide was cleaved from
resin using a standard TFA cleavage cocktail (95% TFA, 2.5%
triisopropylsilane, and 2.5% water). Importantly, we observed
no linker cleavage or side reactions during Fmoc-SPPS or
acidic cleavage and global deprotection (ESI Fig. 8†). We puri-
fied C20E(AlHx-K6) via RP-HPLC, and the lyophilized peptide
was then used for a panel of stability and AlHx removal studies
(ESI Fig. 9†).

To evaluate the general utility of AlHx, we next subjected
C20E(AlHx-K6) to a variety of common CPS conditions, most of
which contain the denaturant guanidine hydrochloride
(GuHCl). The peptide was dissolved at a concentration of
1 mM in the following solutions:

A: 0.1% TFA in 1/1 acetonitrile/water (HPLC buffer)
B: 6 M GuHCl, 100 mM NaPO4, pH 3 (activation buffer)
C: 6 M GuHCl, 100 mM NaPO4, pH 7 (ligation buffer)
D: 6 M GuHCl, 100 mM NaPO4, 200 mM MeONH2, pH 4

(Thz removal conditions)
E: 6 M GuHCl, 100 mM NaPO4, 200 mM MPAA, 50 mM

TCEP, pH 7 (NCL conditions).
We observed minimal (<5%) linker cleavage in any of these

reaction conditions after 48 hours at room temperature, indi-
cating a high level of stability of this new linker (ESI
Fig. 10–14†).

After the AlHx linker was shown to be stable in various CPS
conditions, we next sought to analyze and optimize the
aqueous removal conditions. Ideally, we envisioned conditions
that are compatible with high levels of denaturant in order to
allow one-pot NCL and AlHx removal without additional HPLC
purifications. In organic solvents and during SPPS, allyl
removal is commonly performed using a Pd0 complex, such as
tetrakis(triphenylphosphine)palladium(0) (Pd[P(Ph3)]3), with
silane as a reductant. Although similar solution conditions
have been used in strong polar solvents like DMSO,38 we chose

Fig. 1 Synthesis of Fmoc-Glu(AlHx)-OH and initial characterization in a model peptide. (A) The premade Fmoc-building block is synthesized in 4
steps with 2 purifications and 33% overall yield. (B) Comparison of the various forms of Glu(AlHx) in a modified model peptide, C20E. After on-resin
Dde removal, the solubilizing Lys6 tag can be added via standard Fmoc-SPPS. The AlHx-K6 tag is removed in 6 M GuHCl with 25 mM [Pd(allyl)Cl]2
and GSH. HPLC traces were generated using a gradient of 30–70% B over 25 min at 1 mL min−1. (C) Removal of the AlHx-K6 tag is complete in
90 min at pH 8 and 37 °C. HPLC traces were generated using a gradient of 10–90% B over 25 min at 1 mL min−1 (see ESI† for exact conditions).
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to follow recent reports from the Brik54 and Okamoto55

groups, both of which developed fully aqueous conditions for
allyl removal from Glu and Asp side chains. We observed com-
plete removal of AlHx-K6 after 90 min in 6 M GuHCl, 100 mM
Na2PO4, pH 8 at 37 °C using 25 mM [Pd(allyl)Cl]2 and reduced
glutathione (GSH), which function as the catalyst and scaven-
ger for the AlHx-K6, respectively (Fig. 1). After AlHx-K6 removal,
we added 60 mM 1,4-dithiothreitol (DTT) to precipitate the Pd.

2.3 Total synthesis of the cyclic bacteriocin AS-48 with AlHx

Our study with model peptide C20E demonstrated that Fmoc-
Glu(AlHx)-OH can be readily incorporated and removed for
CPS endeavors, and that Glu residues can potentially be tar-
geted to improve the solubility and purification of peptide
intermediates. Therefore, we set out to demonstrate the utility
of Fmoc-Glu(AlHx)-OH incorporation for the synthesis of a
challenging protein target with known solubility issues. To
this end, we chose AS-48, a 70-residue circular bacteriocin that
is a potent, broad-spectrum antimicrobial peptide produced by
enterococci, such as E. faecalis.56–58 Due to its cyclic and
compact structure, which contains 5 α-helices and a hydro-
phobic core, AS-48 has a high degree of stability towards dena-

turants, heat, and protease degradation. Additionally, AS-48’s
activity and safety profile has continued to be extensively
studied, making it a promising candidate for applications in
the medical and veterinary fields, as well as a non-chemical
food preservative.59–61 Despite its small size, AS-48 has been
documented by both the Tam and Bode groups as a difficult
target to produce synthetically.62,63 It has notable amphipathic
character with a cluster of cationic residues in one section of
the primary sequence and folded structure (Fig. 2). The syn-
thetic difficulty stems from the inner region (Phe5-Ala45),
which has a high percentage (∼50%) of hydrophobic residues
and no cationic residues (Lys, Arg, or His).

As evidence of this synthetic challenge, there are no pub-
lished strategies that prepare AS-48 by NCL. For example, Tam
attempted a 3-segment NCL strategy to break up this hydro-
phobic, aggregation-prone region.62 This approach was aban-
doned due to the insolubility of peptide intermediates, and
they instead opted for a butelase-mediated cyclization of the
crude linear precursor of AS-48. While this strategy was suc-
cessful, it required pre-folding of the linear precursor, an Asn
residue for the enzymatic ligation site, and the temporary
addition of a Lys3 sequence to help with solubility (the Lys3 is

Fig. 2 Total synthesis of AS-48 with the help of Glu(AlHx). (A) The cyclic AS-48 sequence was broken into two 35-residue segments. Glu20 was
chosen as the attachment point for AlHx due to its position in the hydrophobic, aggregation-prone segment of AS-48. (B) Ala10 and Ala45 were
mutated to Cys, and Ala45 was protected with TFA-Thz to prevent intramolecular cyclization after activation of the hydrazide. AS-48(10–44) was
synthesized and analyzed only after several pseduoprolines (underlined) and Glu(AlHx-K6) (bolded and italicized) were added. (C) AS-48 synthetic
scheme.

Paper Organic & Biomolecular Chemistry

8824 | Org. Biomol. Chem., 2021, 19, 8821–8829 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 2
3 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
U

ta
h 

on
 3

/1
6/

20
23

 4
:2

9:
00

 P
M

. 
View Article Online

https://doi.org/10.1039/d1ob01611c


removed upon cyclization). Unfortunately, this method is also
incompatible with high denaturant concentrations.

The Bode group employed α-ketoacid-hydroxylamine
(KAHA) ligation to synthesize AS-48.63 Although they were able
to produce the bacteriocin using two peptide segments, homo-
serine mutations at Thr26 and Ser50 were required. They also
noted challenges with the hydrophobic AS-48 region: initial
attempts to ligate the segments in standard KAHA solvents
(9 : 1 DMSO : H2O) failed. Additional technical modifications,
such as the use of cosolvents (added NMP) and heating (up to
95 °C) did not ameliorate the problem. Only after switching to
a highly organic solvent system (1 : 1 HFIP : AcOH) did the
authors observe the ligated product. Despite the advantages of
the KAHA ligation strategy (e.g., amenability to organic sol-
vents for difficult peptide segments), NCL remains the most
widely used ligation method in CPS, and we sought to demon-
strate the broad utility of AlHx by synthesizing AS-48 via NCL.

First, we chose to mutate Ala10 and Ala45 to Cys in order to
select favorable NCL ligation junctions. Due to the cyclic
nature of AS-48, two NCL reactions are required. The first lig-
ation will produce the full-length linear AS-48 sequence, and
the second NCL will cyclize the peptide. We split AS-48 into
two 35-residue segments that would be prepared as peptide
hydrazides (Fig. 2). The hydrazide functions as an effective
cryptothioester and can be converted in situ into the active
thioester through NaNO2 oxidation and subsequent thiolysis.64

We chose Glu20 as the location for Glu(AlHx) insertion, as it is
ideally placed in the middle of the hydrophobic region of
AS-48. Moreover, this positioning does not break up the

known hydrophobic region as reported in Tam and Bode’s lig-
ation strategies.62,63 To prevent unwanted cyclization of AS-48
(45–70, 1–9) during the first NCL reaction, we chose to tempor-
arily mask its Cys residue with a thiazolidine (Thz) derivative,
TFA-Thz (Fig. 2).65 This protected Cys can withstand hydrazide
oxidation during treatment with NaNO2 without affecting Thz
oxidation (e.g., Thz nitric oxide adduct).64–66 After ligation, the
trifluoroacetamide can be hydrolyzed using neutral to slightly
basic aqueous conditions to yield Thz. The Cys residue can
then be liberated using MeONH2 for an efficient one-pot lig-
ation-deprotection strategy.

With our strategy in hand, we first synthesized both seg-
ments with standard Fmoc-SPPS reagents and conditions. The
hydrophilic segment, AS-48 (45–70, 1–9), was successfully syn-
thesized and purified (Fig. 3, ESI Fig. 17 and 18†). As pre-
dicted, we were unable to analyze the native hydrophobic
segment, AS-48 (10–44), due to its insolubility in a variety of
aqueous and organic solvents, even in high levels of denatur-
ant. Only after incorporating several pseudoprolines (Fig. 2)
and the Glu(AlHx) linker with Lys6 tag were we able to analyze
this segment via LC/MS and RP-HPLC (ESI Fig. 15†).
Interestingly, we observed that after removing the Dde from
AlHx, but before the addition of the Lys6 tag, we were able to
achieve dissolution and analysis of AS-48 (10–44) in 50% ACN/
H2O with 0.1% TFA. After attachment of the Lys6 tag to the
AlHx linker with our standard SPPS coupling conditions, we
easily dissolved AS-48 (10–44) in 10% ACN/H2O with 0.1% TFA.
AS-48 (10–44) was purified to homogeneity and lyophilized
after RP-HPLC (Fig. 3, ESI Fig. 16†).

Fig. 3 Analytical HPLC and MS traces of purified peptides in AS-48 synthesis. HPLC traces were generated using a gradient of 10–90% B over 25 min
at 1 mL min−1 and mass spectra (LC/MS) were generated using a gradient of 5–90% B over 7 min at 0.5 mL min−1 (see ESI† for exact conditions).
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AS-48 (45–70, 1–9) was first converted into the corres-
ponding thioester by sodium nitrite oxidation and MPAA thio-
lysis. We then added AS-48 (10–44) with AlHx-K6 to a final con-
centration of 1.4 mM and 2 mM AS-48 (45–70, 1–9) in pH 7 lig-
ation buffer. The ligation was complete in 1 hour; however, we
began to observe trifluoroacetamide hydrolysis during the NCL
reaction at neutral pH (ESI Fig. 19†). We opted to let the reac-
tion continue overnight to remove the trifluoroacetamide
under neutral conditions, rather than more basic conditions
(pH 10).65 After complete removal of the trifluoroacetyl group,
we hydrolyzed the Thz ring by treatment with 200 mM
MeONH2 for 3 hours at pH 4 (ESI Fig. 21†). Importantly, we
did not observe any premature cleavage of AlHx-K6 under any
of these conditions.34,35

After purification of the full-length AS-48 (45–70, 1–44
linear) by RP-HPLC (17.9% yield) (Fig. 3, ESI Fig. 22†), we per-
formed the next NCL reaction to yield the cyclized peptide,
AS-48 (1–70 cyclic). Due to the intramolecular nature of this
ligation, we were able to completely cyclize the peptide in
1 hour at a relatively low concentration of 0.2 mM (ESI
Fig. 23†). We purified AS-48 (1–70 cyclic) via RP-HPLC in 37%
yield (Fig. 3, ESI Fig. 24†). To minimize losses associated with
preparative RP-HPLC purification, we performed the sub-
sequent desulfurization and AlHx-K6 removal in one-pot as the
final steps of this synthesis. First, we dissolved AS-48 (1–70
cyclic) in desulfurization buffer (1 mM) and then added

VA-044, TCEP, and reduced GSH. After 4 hours at 37 °C, both
Cys were fully converted to Ala (ESI Fig. 25†). We then removed
the AlHx-K6 linker by adding [Pd(allyl)Cl]2 and fresh GSH
(25 mM each) to successfully cleave the AlHx-K6 linker in
1 hour at 37 °C (ESI Fig. 26†). Following RP-HPLC purification,
we obtained the unfolded AS-48 in 14% isolated yield (Fig. 3,
ESI Fig. 27†).

We folded 50 µM denatured AS-48 by overnight dialysis into
20 mM sodium phosphate at pH 6.5. The folded protein solu-
tion was analyzed using RP-HPLC, and LC/MS showed the
correct mass of the natural protein (ESI Fig. 28†). Next, we
obtained a circular dichroism (CD) spectrum of folded syn-
thetic AS-48 at 25 µM in the folding buffer. As shown in Fig. 4,
the synthetic AS-48 CD spectrum is in agreement with pre-
viously reported CD spectra and is indicative of proper AS-48
folding.67–69

As a final characterization, we verified the biological activity
of our synthetic AS-48 by comparing it to a purified native
(authentic) AS-48 sample (see ESI† for details). We first per-
formed a spot-on-lawn assay against four Gram-positive bac-
teria susceptible to AS-48 and two Gram-negative AS-48 resist-
ant strains (strains shown in Table 1). The results of the spot-
on-lawn assay confirmed that the four Gram-positive bacteria
selected for their sensitivity against native AS-48 were suscep-
tible to the synthetic AS-48. As expected, we observed scarce
activity against the two Gram-negative bacteria, whose inhi-

Fig. 4 Characterization of folded synthetic AS-48. (A) Circular dichroism spectrum of AS-48. (B) Analytical HPLC and MS trace of purified, folded
AS-48. The HPLC trace was generated using a gradient of 10–90% B over 25 min at 1 mL min−1 and the mass spectrum (LC-MS) was generated using
a gradient of 5–90% B over 7 min at 0.5 mL min−1 (see ESI† for exact conditions).

Table 1 Activity comparison of synthetic and authentic AS-48 samples

Synthetic AS-48 MIC (µg mL−1) Authentic AS-48 MIC (µg mL−1)

Gram-positive bacteria
Listeria innocua CECT 4030 5.8 5.8
Enterococcus faecalis S-47 2.9 2.9
Staphylococcus aureus CECT 240 5.8 5.8
Arthrobacter sp. 0.36 0.36

Gram-negative bacteria
Escherichia coli ATCC 25922 >93 >93
Pseudomonas putida >93 >93
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bition halos appeared as feeble cloudy zones. Once the activity
of the synthetic AS-48 was confirmed, we compared the
minimum inhibitory concentration (MIC) of both the synthetic
and native bacteriocins (shown in Table 1), which show identi-
cal MIC values through two replicate studies across the
6-strain panel.

2.4. An alternative AlHx removal method

During our initial use of Glu(AlHx) in the total synthesis of
AS-48, we noticed several characteristics of the existing Pd-cata-
lyzed removal method that could be optimized. For instance, a
large amount of [Pd(allyl)Cl]2 (25 molar equivalents) is
required, which can lead to yield loss due to peptide attach-
ment to the Pd metal. Additionally, the DTT chelation step
leads to partial Pd precipitation, although there is significant
Pd remaining in solution that can precipitate later and compli-
cate HPLC purifications.

We searched for other published examples of allyl removal
and chose to examine a method from the Okamoto lab, who
demonstrated efficient allyl and alloc removal on peptides in

aqueous conditions.55,70,71 In these studies, Pd was complexed
with a water-soluble triphenyl phosphine ligand, triphenyl-
phosphine-3,3′,3″-trisulfonic acid trisodium salt (TPPTS). To
facilitate one-pot NCL/allyl or alloc removal, Okamoto utilized
the already present MPAA to scavenge the allyl group and a
final DTT treatment to deactivate the Pd metal without DTT-Pd
precipitation. It is worth noting that they also reported rapid
(10–20 min) allyl or alloc deprotection with only 2 equivalents
of Pd.

With this new Pd method, we envisioned the use of a func-
tionalized resin to chelate the Pd and remove it from solution.
To this end, we employed thiourea-functionalized silica resin
(THU-R) that is known to be an effective scavenger of Pd, and
we verified that it can effectively remove Pd metal from ligation
buffer. Serendipitously, we also observed that the THU-R could
act as a dual scavenger to remove not only the Pd metal, but
also the AlHx-K6 linker from model peptides. Using our model
peptide C20E(AlHx-K6) (1 mM), we observed complete removal
of the linker with 10 mM Pd(TPPTS)4 in 15 min at 37 °C
(Fig. 5). After 15 min, we added THU-R (10 equivalents) and
incubated the solution for 5 min, centrifuged the sample, and
collected the supernatant containing C20E. Compared to our
original Pd removal protocol, this improved method is faster,
requires less Pd, does not need thiol additives, and does not
require a final DTT precipitation step. Because of these
benefits, we envision this removal protocol will be the most
convenient for most AlHx applications.

3. Conclusions

In this work, we developed a novel, allyl-based Glu linker that
is useful for the attachment of solubilizing tags during CPS.
This modified Glu amino acid, Fmoc-Glu(AlHx)-OH, can be
easily incorporated into peptides by standard SPPS conditions
and removed in a traceless fashion by Pd-catalyzed reduction
in fully aqueous conditions. Using Fmoc-Glu(AlHx)-OH, we
demonstrated that AS-48 can be readily accessed by tempor-
arily introducing a solubilizing poly-Lys tag to enable purifi-
cation and ligation of a known difficult hydrophobic peptide
segment. At the final stage of this AS-48 synthesis, the linker
was easily removed, in one pot with desulfurization, to give the
native sequence, which was successfully folded and demon-
strated to be biologically equivalent to natural AS-48 through
in vitro studies.

With the addition of Glu to our Lys helping hand toolkit,
we anticipate greater coverage of peptide segments in CPS pro-
jects. Additionally, other solubilizing tools, such as Liu’s
reversible backbone modification group, can be used to
enhance solubility in segments that lack Glu and Lys.22,72 The
combination of these solubilizing tags with other strategies
(e.g., pseudoprolines) will allow larger and difficult proteins to
be synthesized that can address challenging biological
questions.

To complement the expanding chemical tools available to
peptide chemists, we have also designed the Automated

Fig. 5 Removal of the AlHx-K6 tag with an alternative Pd-catalyzed
method. In this protocol, 10 mM Pd complexed with 4 TPPTS ligands is
used and the removal is complete in 15 minutes at 37 °C. RP-HPLC
traces were generated using a gradient of 10–90% B over 25 min at 1 mL
min−1 (see ESI† for exact conditions). In the top panel, the peak desig-
nated by (*) is likely a transient C20E species as it has the same mass as
C20E. This peak was not further analyzed due to its disappearance as
shown in the bottom panel.
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Ligator (Aligator),73 a program that predicts the most efficient
CPS strategies. We have now updated Aligator to consider the
solubility enhancements provided by Glu(AlHx), or any other
amino acid-based solubilizing strategy desired by the user. The
improved Aligator is freely available on our GitHub page
(https://github.com/kay-lab). Together, these tools expand the
scope of CPS as larger and more complicated proteins that are
unattainable by any other means become accessible by total
chemical synthesis.
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