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Abstract: The total synthesis of long proteins requires the assembly
of multiple fragments through successive ligations. The need for
intermediate purifications is a strong limitation, as this generally leads
to low to very low overall yields. An early-recognized solution to this
problem is the assembly of the protein on a solid support, but no
mature solid-supported chemical ligation (SPCL) technology has yet
emerged. One of the main reasons lies in the difficulty to immobilize
a first peptide segment on a SPCL-compatible solid support through
a linker that can be cleaved under very mild conditions to release the
assembled protein. A wide range of SPCL linkers have been
developed but their cleavage requires chemical conditions sometimes
incompatible with sensitive protein targets. Here, we describe the
exploration of an alternative enzymatic approach in order to trigger
cleavage under extremely mild and selective conditions. Optimization
of the linker structure and use of a small enzyme able to diffuse into
the solid support was a key for the success of the strategy. We
demonstrated its utility by the native chemical ligation-based
assembly of three peptide segments to afford a 15 kDa polypeptide.

Introduction

In the last decades, the production of proteins by total synthesis
became highly complementary to recombinant techniques for
investigating biological mechanisms and for drug discovery.
Current technologies focus on the modular assembly of
unprotected peptide segments in aqueous solutions, through
highly chemoselective “chemical ligation” reactions. The ligation
approach revolutionized the field some thirty years ago! and has
gradually been democratized for the synthesis of small proteins.
However, the access to more ambitious targets in terms of size
remains a challenge® since multiple successive ligations are
often associated with very low overall yields, due to the laborious
intermediate chromatographic purifications. Reminiscent to the
solid phase peptide synthesis (SPPS) concept developed by
Merrifield® for assembling protected amino-acids (aa), solid
phase chemical ligation (SPCL)™“ has been proposed to obviate
this difficulty. Sequential ligations of unprotected peptide
segments on an insoluble support potentially lead to the rapid
synthesis of proteins in highest yields, as purifications after each
synthetic step are limited to simple washes. Although extremely
appealing, SPCL has been so far essentially limited to proof-of-
concepts. The choice of the linker is a keystone in SPCL
strategies: it should be stable along the protein assembly then be

efficiently cleaved to release the synthesized protein into solution
without affecting its chemical integrity. An extensive range of
SPCL linkers have been developed and introduced on either the
C- tactail or N-terminal*2deh.nl part of the first peptide segment,
depending on the directional strategy chosen for the successive
ligations: from the C- to the N-terminus of the target protein (C-to-
N), or N-to-C. Cleavage conditions include treatments with
acids,“ocftenl pases,“adel and nucleophiles,*™! sometimes
incompatible with sensitive targets,*"d and the development of
alternative linkers represents a major challenge to expand the
applicability of SPCL and thus further push away the limits of
chemical protein synthesis, as illustrated very recently by the
development of a transition metal-cleavable linker.[s! Within this
context, we thought exploiting an enzymatic rather than purely
chemical approach, in order to induce cleavage under extremely
soft and selective conditions. Indeed, enzymatic transformations
often occur at pH 6-8, at mild temperatures and with a high
chemo-, regio- and stereoselectivity for the corresponding
substrates. Besides considerations on the chemical integrity of
the target protein, enzymatic cleavage conditions are also non-
denaturing, a potential significant advantage to exploit the
“pseudo-dilution” effectl”] for the folding of the immobilized
synthesized target, while avoiding intermolecular aggregation.®!
Herein we describe the exploration of a new generation of SPCL
linkers, cleavable by B-galactosidases or phosphatases, and
demonstrate their utility by the solid supported native chemical
ligation (NCL)-based synthesis of a 160 residues polypeptide, the
longest sequence ever synthesized through solid-supported
NCLs.

Results and Discussion

Enzyme-cleavable linkers have been developed for applications
to the solid-supported synthesis of peptides,® glycopeptides, !
oligosaccharides,*? oligonucleotides,* peptide nucleic acids!*?
and glycosphingolipids,*® and small molecules combinatorial
libraries.' They exploit phosphodiesterases,®d lipases,/?
glycosidases,1214.131 gmidasesl*4a14c13l and peptidases,®! to
release alcohols,!2%14 amines,11:13.140-dl or carboxylic acids!®1%14b]
from the solid support after multistep synthesis of the target
compounds. Nevertheless, none of these linkers appears as
directly applicable to SPCL.



An ideal SPCL linker should allow re-immobilization of the first
peptide segment on a solid support different from the one used
for SPPS, due to different requirements in terms of
physicochemical properties. The SPCL support has to be tolerant
to the aqueous environment used for the successive ligations and
the enzymatic cleavage, and be compatible with the diffusion of
the enzyme. Re-immobilization has other valuable advantages,
such as offering the possibility to screen different solid supports,
and to allow a purification step after the SPPS in order to provide
a clean and pure segment as the starting material for SPCL. We
thus privileged an N-terminal linker, well adapted to a re-
immobilization strategy, introduced on the N-terminal amino
group of the segment after SPPS elongation. The linker precursor
should thus be equipped with both an amine-reactive moiety and
a functional group adapted for chemoselective immobilization of
the unprotected peptide segment, and linker cleavage should
release the unmodified N-terminal amine upon enzymatic
treatment. Having these requirements in mind, we first evaluated
a [-galactosidase-sensitive linker originally developed for
targeted drug delivery.*® Linker precursor 2 is synthesized in a
few steps as a diastereomeric mixture,*53 and bears a per-O-
acetylated pB-galactoside, an alkyne suitable for chemoselective
immobilization, and an amine-reactive activated carbonate. 2 was
reacted with a solid-supported model peptide 1 which sequence
is based on the human mucin MUCL1 variable number tandem
repeat (VNTR) region, made of a duplicated 20 aa sequence and
frequently used as a model for peptide ligation and
bioconjugation.[*d¢h.ek16.17 Resulting peptidyl resin 3 was cleaved
from the SPPS solid support, and galactoside deacetylation was
carried out in solution through treatment with hydrazinel*81% to
afford compound 5 as a mixture of two diasteroisomers easily
separable by HPLC (scheme 1 and Sl p S7-S8).
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Scheme 1. Introduction of the B-galactosidase-labile linker on a model peptide

We first investigated the enzymatic cleavage of the linker in
solution. As expected, treatment of 5 by E. coli B-galactosidase
resulted in a clean release of peptide 7 in less than 15 minutes,
through galactoside hydrolysis followed by self-immolation of the
resulting p-hydroxybenzyloxy carbamate moiety (scheme 2).2%
Subsequently, 5 was immobilized through copper-catalyzed
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cycloaddition (CUAAC)RY on three different azide-functionalized
solid supports: polyethylene glycol (PEG)-crosslinked
polyacrylamide resin PEGA® 8a,?? and controlled pore glasses
CPG1000 8b and CPG2000 8c, silica-based inorganic matrixes
forming porous beads with pores of 1000 and 2000 A in diameter,
respectively.??!
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Scheme 2. Solution phase enzymatic cleavage of linker-functionalized model
peptide 5. HPLC monitoring (A = 280 nm) shown for one diasteromer of 5, the
other one giving similar results

These supports were chosen for their superior efficiency for
enzyme-mediated transformations as compared to other water-
compatible resins.®n144241 For analytical purposes, the supports
were functionalized with a trifluoroacetic acid (TFA)-labile Rink
amide linker, separated from the azide moiety by an
oligo(ethylene glycol)-based spacer to ensure accessibility of the
enzyme to the substrate?® (scheme 3).

Very disappointingly, 3-galactosidase-mediated linker cleavage of
immobilized peptides 9a-c proceeded considerably slower than
for 5 in solution (see Sl fig. S8): after more than 5 h reaction using
a ten-fold increase in enzyme concentration as compared to
solution phase conditions, only 3%, 4% and 16% of peptide 7 was
released from PEGA, CPG1000 and CPG2000, respectively. The
superior efficacy of CPG towards PEGA is in accordance with
Bradley’s systematic comparison of different supports with a
range of enzyme of increasing sizes,?*! showing that enzymatic
reaction rates are directly related to the ability of enzyme to diffuse
inside the beads. This correlates well with the significant
differences we observed between CPG1000 and 2000. The
relative cleavage kinetics rate in solution and on the latter support
was estimated to ~ 60 000 (S| p S59), from the ratio of apparent
first order kinetic constants Ksoution / Kcpa2000. Such a slow reaction
is prohibitive for SPCL applications, and all our attempts to
improve cleavage efficiency were unsuccessful: increasing
enzyme concentration, using a long PEG spacer (3 kDa), or prior
B-galactosidase-mediated “shaving”®! of the CPG beads in order
to install azide groups only at sites easily accessible by the
enzyme (see Sl p S19-S26) only moderately affected cleavage
kinetics. We explored an alternative approach taking advantage
of the rapid enzymatic cleavage in solution, consisting in TFA-
mediated cleavage of the Rink linker of 9c followed by B-
galactosidase treatment (scheme 3).27 Although this approach
gave clean results and was easy to perform, it requires one



additional step, and uses denaturing conditions that would
preclude future potential applications to on-resin folding following
the SPCL-based assembly of ambitious targets.[?8!

We assumed that the large size of B-galactosidase (a 540 kDa
homo-tetramer) hampered its diffusion inside the solid supports.
Hence, we developed a second-generation tailor-made linker
cleavable by phosphatases, enzymes of much smaller size than
B-galactosidases. Linker precursor 11 was easily synthesized in
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Scheme 3. The two routes explored for the release in solution of peptide 7.

four steps from commercially-available materials (39% overall
yield). (scheme 4, see S| p S29-S40 for the detailed synthesis).
11 was designed to address all the other limitations we identified
with the B-galactosidase-labile linker. Indeed, the latter requires
an additional step in solution after SPPS to cleave the acetate
groups of the galactoside, Cu(l) salts used for CuAAC-based
immobilization can lead to the oxidation of peptide segment side-
chains if conditions are not well controlled,?®! and presence of a
non-controlled chiral center leads to a diastereomeric mixture that
complicates peptide segment purification and characterization.
Our second-generation linker is achiral, and precursor 12 was
designed as a N-fluorenylmethyloxycarbonyl (Fmoc) SPPS
building block to provide optimal modularity for the further
introduction of any functional group suited for chemoselective
grafting on a solid support. The phosphate group is protected by
TFA-labile O-benzyl groups, compatible with standard Fmoc-
SPPS protocols.B  Also note that the N-Fmoc amino group is
branched through an electron-withdrawing carboxamide group in
order to lower the pKa of the phenol generated upon phosphate
cleavage and thus promote a fast 1,6-elimination-mediated self-
immolation at neutral pH, this process being greatly accelerated
by phenol deprotonation.!
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Scheme 4. Synthesis of the second generation linker precursor. 2: 1) N-Fmoc
ethylene diamine, HATU, DIPEA, NMP; 2) dibenzyl phosphite, CCls, DIPEA,
MeCN, 75% over 2 steps; 3) NaBHi, THF, 97%; 4) bis-pentafluorophenyl
carbonate, EtsN, MeCN, 53%.

12 was reacted with solid-supported model peptide 1, followed by
N-Fmoc group cleavage and subsequent coupling with
azidoacetic acid in order to introduce an azide group suitable for
copper-free  strain-promoted  alkyne/azide  cycloaddition
(SPAAC).B2 As expected, SPPS resin cleavage cleanly afforded
compound 13. We next screened linker cleavage in solution by
four commercially available enzymes: alkaline phosphatase
extracted from calf intestine, and the recombinant antarctic
phosphatase, shrimp alkaline phosphatase and bacteriophage
lambda protein phosphatase, using the respective standard
manufacturer recommendations in terms of reaction buffers and
enzyme concentrations (Sl, pS51). All enzymes proved efficient
to mediate a clean release of peptide 1 (see Sl, p S51-S53)
through phosphoester hydrolysis followed by instantaneous self-
immolation of the resulting p-hydroxybenzyloxy carbamate, not
observed in LC-MS analyses as for the first generation linker. Best
results in terms of kinetics were obtained with the shrimp and
lambda phosphatases and these two enzymes were further
evaluated for solid supported cleavage. Grafting of 13 on the
CPG2000-Rink  solid support 14 bearing an aza-
dibenzocyclooctyne (DBCO) moiety3® through a chemoselective
SPAAC reaction gave solid-supported 15 (scheme 5).134
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Scheme 5. 2" generation linker introduction on model peptide and solid
supported enzymatic cleavage.

To quantify the relative efficiency of the enzymatic cleavage on
solid support as compared to solution phase, the Ksoiution / Kepa2000
ratio was evaluated for the two enzymes (table 1, SI p S58 and p
S61-S62). As compared with the results obtained for pB-
galactosidase, the relative ratio was enhanced by a moderate
factor of 6 for shrimp phosphatase and by an impressive factor of



300 for lambda phosphatase. These results perfectly correlate
with the molecular weight and size of the three enzymes: shrimp
phosphatase is a homodimeric 108 kDa protein, whereas lambda
phosphatase is a much smaller 25 kDa monomer (fig. 1).
Gratifyingly, these results validate our hypothesis on the influence
of the size of the enzyme on the kinetics of the solid-supported
linker cleavage. Despite the 200-fold slow down compared to the
reaction in solution, lambda phosphatase cleavage kinetics are
perfectly compatible with our SPCL purpose since the reaction
can be completed in a few hours using low enzyme amounts.®!
Importantly, we never detected any peak consistent with the
enzyme in LC-MS analyses of the enzymatic cleavages. This
suggests a very low molar enzyme amount as compared to the
substrate, thus being probably easily removed with a final HPLC
“polishing” purification after SPCL assembly of a protein target.

Table 1. Comparison of enzymatic cleavage efficiency.

[-galactosidase Shrimp alkaline Lambda
phosphatase phosphatase
B
O
10 nm

Entry Enzyme MW aa Ksolution/ Kcpa2000
1 B- 540 kDa 4092 ~ 60 000
galactosidase
2 Shrimp 108 kDa 956 ~ 10 000
phosphatase
3 Lambda 25 kDa 221 ~ 200
phosphatase

Figure 1. Comparison of the size of enzymes used in this work. PDB IDs: B-
galactosidase: 4V40, shrimp phosphatase: 1SHQ, lambda phosphatase: 1G5B.

Having in hand a robust method for the enzymatic release from
CPG2000 solid support, we then implemented this approach for
the synthesis of a 160 aa polypeptide derived from MUC1 VNTRs,
through two successive solid-supported NCLs. NCL is the
reaction between the C-terminal C* thioester function of one
unprotected peptide segment and the N-terminal terminal
cysteine of another segment. Consequently, a keystone for N-to-
C successive NCLs is the use of dormant precursors of thioesters
that can be activated on demand, to prevent cyclization and
oligomerization of segments. Such precursors include
thioacids,*@ hydrazides,® and N—S acyl shift-based!“¢! crypto-
thioesters.’”l The latter are based on the rearrangement of a B-
mercapto amide into a B-amino-thioester under NCL conditions,
through intramolecular attack of the thiol on the amide.
Conveniently, simple protection of the thiol afford unreactive
species, keeping the crypto-thioester in the dormant state until S-
deprotected.®#e4'38 |n the present work, we used N-(2-hydroxy-4-
nitrobenzyl)cysteine-based devices (N-Hnb-Cys)B®9 that are
straightforward to synthesize through automated Fmoc-SPPS
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and show fast rearrangement and NCL kinetics owing to internal
catalysis by a judiciously placed phenol group (Scheme 6).[392:40]

. NO,
S)
oi‘o NO, 3 @
. H- e} o
N ] b N LA Ho i I
N H H
S H( \;_«’ ! A H . S/ H
e} peptide
H+

Scheme 6. Putative N-(Hnb)Cys self-catalyzed N—S acyl shift mechanism.

Segment 16 was equipped with both our second generation linker
functionalized by an azide group and an N-Hnb-Cys device which
thiol is protected by an S-StBu disulfide, labile under reductive
NCL conditions. This segment was immobilized onto CPG2000
solid support 14 through SPAAC, in a similar fashion to model
peptide 13 (scheme 7). The second segment (18) bears a N-
terminal cysteine and a N-Hnb-Cys device where the thiol is
protected by a S-acetamidomethyl (Acm) group,?! that is stable
under NCL conditions.! NCL between 17 and 18 gave a clean
product as judged by an analytical-scale cleavage. The Acm
group was then deprotected through treatment with Pd(l1) salts*2
to afford an active crypto-thioester (20) which was immediately
engaged into a second NCL with the C-terminal segment 21.
Finally, enzymatic cleavage with lambda phosphatase released
the desired 160 aa polypeptide 23, recovered in a 60% overall
yield as determined by HPLC peak integration-based
quantification. Final semi-preparative HPLC purification gave
pure 23 in a 13% isolated yield.344

Conclusion

In summary, we introduced a new SPCL strategy based on an
enzyme cleavable linker. The major bottleneck identified for the
success of the strategy is the difficulty for high molecular weight
enzymes to diffuse into the solid support, therefore resulting in
extremely slow kinetics. Design of a tailor-made linker cleavable
by a small enzyme, lambda phosphatase, gratifyingly solved the
problem, and the usefulness of strategy was exemplified for the
synthesis of a long polypeptide from three fragments through N-
to-C NCL reactions.
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Scheme 7. SPCL-mediated assembly of the 160 aa polypeptide 23.
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We herein introduce a chemo-enzymatic approach for the
synthesis of proteins through solid-supported chemical ligation,
based on a tailor-made phosphatase-cleavable linker. We show
that the size of the enzyme used directly correlates with the
efficiency of the release of the synthesized protein. The method
was applied to the synthesis of a 15 kDa polypeptide, the longest
sequence ever synthesized through solid phase native chemical

ligation.
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