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Towards the Simplification of Protein Synthesis: Iterative Solid-
Supported Ligations with Concomitant Purifications™*
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Chemical synthesis is a complementary alternative to
recombinant approaches for the production of small (40-80
amino acids) to medium-sized (60200 amino acids) proteins
and analogues. Protein assembly through chemoselective
coupling of unprotected peptide segments, that is chemical
ligation,'! has become the state-of-the-art strategy thanks to
the pioneering work of Kemp and co-workers,? and the
development of native chemical ligation (NCL) by Kent and
co-workers.®*! More recently, mechanistically unrelated
amide-forming ligations,” and peptidomimetic techniques’®
have been developed.

The ligation of two peptides is inherently limited to the
synthesis of relatively small proteins. To expand the range of
targets accessible by chemical synthesis to larger and more-
complex proteins, sophisticated, iterative or convergent
synthetic strategies are required.”’ Thus, ligations of more
than three segments, and numerous nontrivial purification
steps, would be required; the handling of the ligation product
intermediates is often tricky, owing to aggregation or limited
solubility.

Peptide segments are typically obtained through solid-
phase peptide synthesis (SPPS), which is generally limited to
the synthesis of peptides containing up to 40-50 amino acids.®!
Decades of continuous efforts in optimizing coupling reagents
and protective groups have eliminated most prominent side
reactions, but incomplete amide couplings are still a significant
limitation in Fmoc-based SPPS. Post-coupling acetylations
result in the capping of unreacted amine groups and the
consequent N-truncated peptides constitute most of the by-
products formed in peptide synthesis. We reasoned that the
assembly of a protein by iterative solid-supported ligations of
unpurified peptide segments in the opposite direction to
SPPS, that is the N-to-C direction, should display self-
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purification! features, as all truncated impurities would be
left unreacted (Figure 1b). This approach has never been
exploited until the present work, despite the fact that a wide
variety of related nonchromatographic purification strategies
were developed during the 1980s and 1990s."!"! Most of these
strategies rely on the post-elongation chemical tagging of the
target peptide with an N-terminal linker that differentiates it
from the truncated by-products (Figure 1a). After cleavage
from the SPPS resin, the tagged molecules can specifically be
captured on a second, hydrophilic solid support through
a chemoselective reaction!”) or noncovalent interactions.'!l A
simple filtration work-up separates the truncated peptides,
and the subsequent cleavage of the tag results in a traceless
release of the purified peptide into solution.

A few of these approaches!!®d have been utilized for
solid-phase NCLs,'? but the corresponding studies focus only
on minimizing the chromatographic and handling steps.'] All
the examples of sequential solid-phase ligations reported so
far were limited to polypeptides smaller than 100 amino acids.

We thus decided to re-examine the potential of applying
this strategy to develop a self-purifying method by using
contemporary ligation techniques, as we believe that new
reagents or methods that allow for facile and rapid purifica-
tion of the starting materials and intermediates are critical to
the field of protein chemical synthesis. We disclose herein
a new N-terminal linker™! and its application to the non-
chromatographic purification of peptides that are difficult to
synthesize by existing methods, as well as to self-purifying N-
to-C ligations. The latter approach is exemplified by an
unprecedented synthesis of a 160-amino-acid triazole-con-
taining analogue of the tandem repeat region of human
MUC1™! protein through successive N-to-C peptidomimetic
triazole ligations!® of four segments.

We designed N;-Esoc (2-[2-(2-azido-ethoxy)-ethyl sulfo-
nyl]-2-ethoxycarbonyl, Scheme 1) as an N-terminal cleavable
linker functionalized with an azide moiety. The versatility of
this functional group makes it useful for many types of
chemoselective couplings such as Cu'-catalyzed™® (this work)
and strain-promoted"” azide/alkyne cycloadditions (CuAAC
and SPAAC, respectively) or Staudinger ligations.” ¥ These
reactions are superior to the ones employed in previous
capture/release approaches, because of their better chemo-
selectivity, their nonreversible nature, and because of the
chemical inertness of the resulting heterocyclic or amide
linkages. These linkages should be compatible with a wide
range of post-immobilization modifications and thus this
method should extend the range of applications of solid-
support capture approaches.”') The Esoc linker is based on
a alkylsulfonylethoxycarbonyl core,'* %1141l which is stable
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Figure 1. a) Capture and release approach for nonchromatographic purification of synthetic peptides from truncated coproducts. b) Extension to

protein synthesis through multiple solid-phase ligations (this work).

azide spacer cleavable linker amine-reactive
leavi
o/\l ab.c o o o eaving group
N OTs ——> Ns/\/ \/\,/S\/\/ \n/
62% o0 0 NO

2
N3;—Esoc—ONp (1)

Scheme 1. Synthesis of N;-Esoc-ONp (1). a) HSCH,CH,OH, NaOH,

MeOH/H,0,79%; b) mCPBA, CH,Cl,, 86%; c) p-NO,-CHs;0COCl,
pyridine, CH,Cl,, 91 %.

under a wide range of reaction conditions including strong
acids and neutral aqueous conditions, as well as being labile at
slightly higher pH as a result of B-elimination. A short
diethyleneglycol-like hydrophilic spacer confers good water-
solubility properties to the Nj;-Esoc-tagged peptides and
provides a nonhindered environment to the azide group.
Activation as a p-nitrophenyl carbonate results in a reagent
(N;-Esoc-ONp; 1; see the Supporting Information for the
detailed synthesis)? that readily reacts with N-terminal
amino groups of protected solid-supported peptides under
standard reaction conditions.

We synthesized N3;-Esoc-ARYG-OH and conjugated it to
a water soluble alkyne by CuAAC to give 2 (Figure 2). This
tetrapeptide was used as a model substrate for a preliminary
evaluation of the lability of the Esoc linker under solution-
phase reaction conditions. As expected, 2 was stable to acids,
but was quickly and cleanly converted into H-ARYG-OH
upon treatment with a basic buffer solution (<15 min at
pH 10.7). Esoc proved to be stable under neutral conditions
(<1% cleavage over 3 days at pH7; see the Supporting
Information, Figure S2).

Next, peptide N;-Esoc-WPPAHGVTSAPDTRPAPG-
STA-OH was used to evaluate the lability of an Esoc linker
attached to a solid support. The peptide was attached by
CuAAC onto a set of polyethylene glycol based hydro-

S
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Figure 2. Model peptides used to evaluate the stability of the Esoc
linker in solution (2) and under solid-supported conditions (3 a—c).
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compatible  resins  (ChemMatrix,”!  PEGA®, and
PEGA"™2) to give 3a—c (Figure 2). An additional acid-
labile 5-[3,5-dimethoxy-4-(aminomethyl)phenoxy]pentanoic
acid (PAL)®! linker was inserted; such a double-linker
strategy greatly facilitates reaction monitoring.*"! The base-
mediated cleavages of Esoc for 3a—c were significantly slower
than those observed for 2 (see the Supporting Information,
Figure S3); this result is presumably due to polymeric
supports.”  N-Cyclohexyl-3-aminopropanesulfonic  acid
(CAPS) pH 11.7 buffer was found to be very effective for
cleavage of the Esoc linker; more than 90 % release of the
expected peptide (89, see the Supporting Information) was
observed in all cases upon 30 minute incubation at room
temperature.

With a clean release procedure established, we applied
our strategy to difficult peptide syntheses. The tests were
conducted using PEGA®” resin equipped with a reporter PAL
linker. The potential and limitation of a CuAAC/N;-Esoc
capture/release purification method is illustrated with its
application to three diverse biologically-relevant peptides
that are known to be difficult-to-obtain sequences that lead to
numerous truncated peptides (see the Supporting Informa-
tion). The standard protocol was applied to the D enantiomer
of the chicken beta-defensin (AvBD?2; 36 amino acids), with
acetamidomethyl (Acm) protecting groups on its six cysteine
thiol side-chains, for biological evaluation.*!

The solid-supported synthesis of the native L-AvBD2
proved to be quite challenging,*”! and we had to rigorously
optimize the elongation conditions, to include three pseudo-
proline dipeptides together with a polar solid support.?*
Unfortunately, p-pseudoproline or the equivalent building
blocks are not readily available so far, and therefore standard
protective groups were used for the synthesis of p-AvBD2-
(Acm);. This gave a moderate 40% elongation yield®!
(Figure 3, red RP-HPLC trace). This peptide was tagged
with N;-Esoc before resin cleavage; the chromatogram of this
N;-Esoc-tagged peptide showed a shifted peak (Figure 3, blue
trace) and peaks corresponding to seven different truncated
peptides. This result highlights the potential of capture/
release methods for challenging purifications: a classical
HPLC purification could have led to low-purity material with
a misleadingly clean HPLC trace. CuA AC-mediated capture
was undertaken under deoxygenated reaction conditions and
using an excess amount of tris(3-hydroxypropyltriazolylme-
thyl)amine (THPTA) ligand to prevent oxidation of histidine,
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Figure 3. Capture and release purification of b-AvBD2(Acm),. Red
trace: RP-HPLC chromatogram of the crude peptide. Blue trace: N;-
Esoc-tagged peptide. This trace shows a right shift of the major peak
compared to the crude peptide (red trace). Green trace: peptide
purified by resin capture followed by tag cleavage.

methionine, and cysteine side chains.® Such standard
precautions were used for all other CuAAC reactions.
CAPS-mediated release resulted in a peptide of high purity
(green trace, Figure 3) and the yield was good (ca. 30%
overall yield, > 95 % purity).P"

Having demonstrated the robustness and efficiency of Ns-
Esoc as an N-terminal purification auxiliary, it was further
exploited as a linker in iterative solid-supported N-to-C
ligations, to demonstrate the concomitant purification poten-

tial of this strategy. This potential was illustrated by using our
recently published peptidomimetic triazole ligation® based
on CuAAC and on the amide-bond-mimicking properties of
triazoles. This method, involving the assembly of azido alkyne
peptide segments equipped with alkyne-masking silyl groups,
is particularly well suited for N-to-C ligations."

The human MUCI mucin was chosen as a suitable
synthetic target.’) The extracellular domain of this trans-
membrane protein possesses a tandem repeat domain com-
posed of a 20 amino acid sequence (STAPPAHGVT-
SAPDTRPAPG), repeated between 30 and 150 times and
heavily O-glycosylated. Such tandem repeat domains are
benchmark examples to test an iterative ligation process, as
the syntheses of all the segments require only one SPPS
elongation. The forty-residue segments 4 and 5 (Figure 4)
were synthesized following a previously described backbone-
amide-linker (BAL) strategy. The Fmoc SPPS elongation
proceeded in an excellent yield of greater than 90 %, but as
many as eleven different truncated by-products were identi-
fied (see the Supporting Information, Figure S16). Attach-
ment of 5 to the resin yielded 6, which was cleanly desilylated
upon treatment with AgNOj; in water.’*® Protein elongation
was accomplished through three successive ligations by using
a slight excess amount of 4 (1.5equiv). A capping step,
involving a CuAAC with a large excess amount of a water-
soluble azide, was carried out before each desilylation,
a procedure reminiscent to SPPS acetylation. Esoc cleavage
led to the expected 160 residue tris(triazolo) polypeptide 7,
which was shown to be >80% pure by HPLC ; this result is
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Figure 4. Synthesis of a 160 residue MUC1 fragment through iterative solid-supported ligations with concomitant purifications. DMF=N,N’-
dimethylformamide, Fmoc = 9-fluorenylmethyloxycarbonyl, HBTU = O-(1H-benzotriazoyl-1-yl)-N,N,N’,N'-tetramethyluronium hexafluorophosphate,

HOBt = 1-hydroxybenzotriazole.
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impressive considering that none of the segments have been
purified by chromatography. A single HPLC purification
afforded 7 in good purity and excellent overall yield (ca. 60 %
based on 5).

To our knowledge, this report constitutes the first example
of a solid-phase chemical ligation of such a long polypeptide
from more than three segments. The outstanding purity of the
crude target polypeptide highlights the self-purification
feature of successive solid-supported N-to-C ligations.

In conclusion, we introduced Nj;-Esoc-ONp 1 as a new
reagent for the temporary tagging of peptides at their N-
terminus and demonstrated its potential in capture/release
purifications. We extended this concept to a promising self-
purifying N-to-C iterative triazole ligation strategy, exempli-
fied by the synthesis of a polypeptide containing 160 residues.
Solid-phase coupling of four peptide segments led to high
purity material without any chromatographic purification
steps. We believe that our reinspection of an early concept in
the light of contemporary chemical ligation methods could
have a major impact in regard to the simplification of the total
synthesis of proteins.
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