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A Sustainable Chemo-Enzymatic Approach to the Synthesis of
Liraglutide

Silvia Rizzo, Ana Toplak, Marco Macis, Lucia Ferrazzano, Antonio Ricci,* Alessandra Tolomelli,*
and Walter Cabri
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ABSTRACT: The development of green approaches to peptide synthesis is essential, as peptides are gaining prominence in the
pharmaceutical market. Traditional methods often involve harmful solvents and high energy use, prompting a shift toward
sustainable and eco-friendly alternatives. Liraglutide, a GLP-1 analogue used in the treatment of obesity and type-2 diabetes, has
been synthesized through a hybrid chemo-enzymatic approach (CEPS), taking advantage of green solvent mixtures in the synthesis
of peptide fragments and of selectivity of a ligase enzyme for their coupling. This method offers great advantages both in the quality
of the upstream wastes and in the reduction of solvent volumes in downstream purification, together with the high purity of the
target liraglutide.
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B INTRODUCTION

Developing greener synthetic processes is necessary to

The need to match the synthesis of APIs for clinical
development with the timelines required by the market,
combined with intellectual property policies, has often justified
the preference for robust methodologies over greener
approaches. The difficulties in integrating sustainable chem-
istry and engineering in the research and development supply
chain of the APIs are still the challenge of this century.”

transform the industrial landscape of the pharmaceutical sector
into a long-term, sustainable reality. In this context, the
renaissance of peptides as medical treatments,”> and the
enforcement of more stringent sustainability requirements by

regulatory agencies have pushed chemists toward the
introduction of sustainable processes to prepare highly pure
active pharmaceutical ingredients (APIs). Innovative synthesis
(upstream) and purification (downstream) methodologies
have been developed during the past decade, with the
introduction and optimization of several technologies to
improve the green metrics of the processes in solid-phase
peptide synthesis (SPPS),”* liquid-phase peptide synthesis
(LPPS),” chemo-enzymatic peptide synthesis (CEPS),° semi-
synthetic processes, and chromatographic procedures.” These
technologies developed, owing to the sensibility of the
scientific community and requested by the industry, are
available tools to satisfy the need for a more environmentally
sustainable production.”

The most successful molecules that recently achieved market
approval or late-stage development are long peptides (>30
mer) containing unnatural amino acids, for which a chemical
approach based on hybrid processes appears to be the best one
to keep the level of impurities to a minimum, facilitate the
purification process, and be more easily in compliance with the
requests of current regulatory agencies.”
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Most of the generic companies in this area have been
approaching the synthesis of therapeutic peptides using
chemical methods, and the FDA has issued a guidance® that
sets the limit for the unknown impurities that are not present
in the marketed drug to a content <0.10%, a value identical to
that established for small molecules.'® Moreover, impurities
between 0.10 and 0.50% require extensive characterization,
which includes their immunogenic potential and their effect on
API aggregation. Above 0.50%, toxicological data must be
provided to justify their levels in drug products. In Europe, the
limit for unknown impurities increases to 0.50%, while the
range for the characterization of impurities is between 0.50 and
1.00%."" The inherent nature of an iterative process, such as
the commonly applied SPPS approach, increases exponentially
the formation of process-related impurities in proportion to the
length of the peptide, thus making the downstream purification
process particularly challenging. Furthermore, the overall yield
decreases with the elongation of the peptide, and even
considering an exceptional yield (99.5%) in every step of the
protocol, a maximum overall yield of ~80% can be achieved for
a 20-mer peptide. This value falls to <70% when the yield of
each step is 99% (Figure 1).
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Figure 1. Effect of the yield of each step in SPPS on the overall yield
of peptides.

For this reason, hybrid approaches, such as those reported
for Tirzepatide,12 are considered more efficient in controlling
the overall number of impurities structurally close to the drug.
In this case, the hybrid process is a combination of SPPS and
LPPS, but CEPS can be used as an alternative for coupling the
peptide fragments."”

The possibility to tailor enzymes for specific uses, owing to
protein engineering, has allowed scientists to take advantage of
their chemo- and regioselectivity in the formation of peptide

bonds. In recent years, sortase, butelase, and trypsiligase
variants have been employed for the synthesis of peptides
under mild conditions, but they often display limited scope.'?
In contrast, mutation of subtilisin in the active site by replacing
the catalytic-pocket serine with cysteine (S221C, the
numbering of subtilisin BPN’)'* has produced variants that
promote ligation over hydrolysis with high efficiency. The lab
evolution of this class of proteases, which started back in the
1970s, afforded omniligase-1, a very efficient enzyme with a
broad substrate scope, which was successfully applied in CEPS
by EnzyPep-Polypeptide for the synthesis of exenatide.'”

The enzyme, containing cysteine in the active site, is able to
catalyze the condensation of a C-terminal peptide ester with an
N-terminal peptide fragment in water, limiting, for kinetic
reasons, the corresponding hydrolysis. The evolution of all
subtilisin designs was reviewed by Weeks and Wells in 2019.'°
Ester selection, reaction conditions, and enzyme mutations are
different drivers of the optimization process. The main side
products are derived from ester hydrolysis and coupling with
other N-terminal amines present in the reaction mixture.
However, these side products can be limited by the
development of selective enzymes for target substrates.

Similarly, the CEPS reported by Rasmussen et al.’®
efficiently generated the final peptide with excellent yield and
purity by coupling crude fragments, thus increasing process
sustainability owing to a simpler downstream phase. The use of
CEPS in water for fragment coupling, instead of LPPS in
organic solvents, is a further step toward sustainability.
However, in both approaches, fragments were synthesized via
SPPS in dimethylformamide (DMF), a solvent listed by
regulatory authorities as a substance of very high concern
(SVHC) for its reprotoxicity.'” For this reason, the
introduction of green solvents is a critical goal to achieve
overall sustainable hybrid synthetic processes for long peptide
sequences.

We report herein the hybrid synthesis of liraglutide drug
1'%7*" based on (1) the use of green solid-phase peptide
synthesis (GSPPS) for the preparation of fragments and (2)
the catalytic activity of a subtilisin mutant for coupling to
obtain the complete peptide.

Liraglutide 1 (Figure 2) is a glucagon-like peptide 1 (GLP-
1) analogue, with 97% homology with the native sequence and
bearing a palmitoyl glutamic fragment attached to Lys,”” which
increases the half-life of the peptide by ~400 times (from 2
min of GLP-1 to 13 h of the analogue).”” GLP-1 is an incretin
hormone derived from the physiological processing of
proglucagon that regulates glucose uptake. GLP-1 analogues
are widely used therapeutics to manage type-2 diabetes
mellitus and obesity. In the therapeutic peptide market,
which currently achieves US$ 50 billion and is forecasted to
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Figure 2. Liraglutide 1.
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Figure 3. Omniligase-1-mediated peptide coupling mechanism and rough substrate guidelines.

be more than US$ 90 billion by 2032 with a 7% compound
annual growth rate (CAGR), the contribution of GLP-1
receptor agonists accounts for 40%, with more than 25% sales
related only to the four blockbusters already on the market
(dulaglutide, liraglutide, semaglutide, and tirzepatide).”” As a
consequence, the increase in demand for these peptides will
certainly drive the need for efficient and sustainable
production.

Liraglutide 1, developed and launched by Novo Nordisk,**
was produced using a semisynthetic approach by acylating the
linear peptide obtained by recombinant fermentation with a
fatty acid deriving side chain.”®

Hybrid synthesis of a drug peptide through a combination of
SPPS performed in a green solvent for fragment preparation
and CEPS to obtain the final product directly in water has
never been reported. In addition, the fatty side chain in peptide
1 presents a further synthetic challenge.

B RESULTS AND DISCUSSION

The process design started with the 1dent1ﬁcat10n of the
peptide bond to be created via biocatalysis.”® As reported
above, omniligase-1 is a thiol subtilisin mutant derived from
peptiligase with a broadened substrate scope and efficient
synthetic performance.”” The active site of the biocatalyst is
composed of six contiguous subsite pockets, able to accept
specific residues in the peptide fragments (Figure 3). Detailed

knowledge of the size and hydrophilic/lipophilic character of
the pockets allows for theoretical prediction of the coupling
position within the target peptide.

In particular, for omniligase-1, a broad tolerance has been
designed for the amino acids P1’ and P2’ in the N-terminal
fragment. However, the proline in P1’ is not accepted, and the
charged residues in P2’ are suboptimal. In contrast, the enzyme
has relaxed specificity in the P1—P4 positions with a slight
preference for hydrophobic residues in position P4 (Figure 3).

The identification of the suitable fragments in the 31-mer
sequence of 1 was previously attempted by coupling several
liraglutide precursors without the palmltlc acid chain to
identify the most suitable position.”® Even when considering
enzyme pocket specificity (hydrophobic at P4), the coupling
strategies ((1-13) and (14—31) or (1—9) and (10-31)) gave
unsatisfactory results. Finally, after fine-tuning the S2’
(N218D), S1 pocket (E156N, GI166E), and S2 pocket
(N62A), coupling at the postion between fragments (1—11)
and (12—31) was attempted with striking results on purified
standard fragments (93% conversion to 1).7

Although CEPS was possible with remarkable conversion,
further analysis identified a CEPS-related impurity caused by
the double coupling of an ester moiety to liraglutide product 1
(1—11-liraglutide, a 42-mer). This impurity affected the yield
and proved troublesome for removal. Therefore, a tailored
enzyme reengineering study was performed on the S1’
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Figure 4. Structure of H-(1—11)-CamFK-NH, 2

Table 1. Green Solvent Mixture and Adjusted Conditions for the SPPS of H-(1-11)-CamFK-NH, Fragment 2

purity
entry solvent (%)
1 DMF 74.6

2 NOP/DMC (8:2) 609

3  NOP/DMC (8:2) 627

4 NOP/DMC (8:2) 699

protocol modifications”

A: elongation of reaction time in the Fmoc removal step

main byproducts

ester hydrolysis (3.1%); deletion sequences
(6.4%); N,O-shifts (5.3%)

ester hydrolysis (2.6%); deletion sequences
(2.8%); incomplete Fmoc removal (4.1%);
epimers (5.3%

A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal  ester hydrolysis (2.4%); deletion sequences
step at 40 °C after coupling of Thr’

(13.2%); epimers (3.3%)

A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal ester hydrolysis (2.2%); incomplete Fmoc
step at 40 °C after coupling of Thr;” C: double couplings

removal (2.9%); epimers (4.3%)

S DMSO/EtOAc 32.8  A: elongation of reaction time in the Fmoc removal step Des-SCam (11.1%); incomplete Fmoc removal
(1:9) (39.5%)

6 DMSO/EtOAc 50.9  A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal  deletion sequences (25.8%)
(1:9) step at 40 °C after coupling of Thr;’ D: coupling of bromoacetic

elongated to 180 min

7 NBP/EtOAc (8:2) 724 A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal ester hydrolysis (4.5%)

step at 40 °C after coupling of Thr”

8  NBP/DMC (8:2) 74.5

A: elongatlon of reaction time in the Fmoc removal step; B: Fmoc removal ester hydrolysis (5.1%); epimers (5.0%)
step at 40 °C after coupling of Thr’

“A detailed description of the protocol modifications and chromatograms is provided in the Supporting Material.

pocket™® to inhibit the acceptance of His in P1” and Ala in P2’
substrate residues. In addition, fine-tuning of the S2/S3 pocket
was performed to increase the activity (L96 and D99
positions). The new variant could couple the (1—11) and
(12—31) fragments with a 12-fold increase in selectivity
compared to the parent enzyme, greatly reducing the
formation of the 1—11-liraglutide impurity.

Synthesis of Liraglutide Fragment H-(1—11)-CamFK-
NH, 2. For C-terminal activation, the carboxamidomethyl
ester (OCam)*”*’ extended by two amino acids was selected
as the best acyl donor since it readily forms a thioester complex
with the cysteine residue present in the enzyme active site,
leading to high yields and the synthesis/hydrolysis ratio (S/H).
Two amino acids after the Cam ester moiety (Phe and Lys)
were selected to maximize the solubility and substrate
interaction with the enzyme, further improving the coupling
efficiency. However, at the industrial scale, the presence of the
ester makes the C-terminal fragment sensitive to stressful
coupling conditions, like temperature increases or long
deprotection times, all of which can degrade the ester moiety,
thus dramatically decreasing the yield.

The SPPS synthesis of fragment H-(1—11)-CamFK-NH, 2
(Figure 4) was initially performed by applying a standard
protocol using Fmoc chemistry in dimethylformamide (DMF)
at 25 °C as a benchmark (see Supporting Information for the
detailed protocol).

A preloaded Fmoc-Lys(Boc)-Rink amide resin was em-
ployed, and the complete sequence was built using DIC
(diisopropylcarbodiimide)/OxymaPure as coupling reagents in

DMF. The N-Fmoc protecting group was removed by treating
the growing peptide twice with a solution of 20% piperidine in
DME. The formation of the OCam ester was achieved by
treatment of the supported peptide with bromoacetic acid in
the presence of the coupling reagents, followed by the addition
of Fmoc-Ser(tBu)—OH in the presence of diisopropylethyl-
amine (DIPEA) and potassium iodide. The latter step achieved
completeness after only 24 h. The removal of the Fmoc
protecting group was performed from this point of the protocol
forward by using a 10% solution of piperidine in DMF for the
first cycle (10 min) and a 5% solution for the second one (10
min). Milder conditions were necessary to prevent the
degradation of the ester moiety. The peptide fragment was
elongated by iterative cycles of coupling/deprotection steps,
followed by a thorough washing of the resin to remove the
coproducts. After the last Fmoc removal step, cleavage from
the resin was performed with a cocktail of TFA/TIS/H20
(92.5:5.0:2.5). Following this protocol, the purity of crude
fragment 2 was 74.6%. The main byproducts observed were
those derived from OCam ester hydrolysis and the formation
of epimers (Figure S2).

Compared to standard SPPS, the introduction of the OCam
ester, which is required for efficient recognition during the
enzymatic step, dramatically decreases the atom economy since
the -OCam-FK-NH, fragment is not present in the target
product. Moreover, the initial steps required to build this
structure are solvent- and reagent-consuming and have a
detrimental effect on the greenness of the overall process. For
this reason, to recover sustainability, DMF has to be replaced
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Table 2. Green Solvent Mixture for the Synthesis of Fragment 12—31 3

purity
entry solvent (%) protocol”
1 DMF 65.3 -

2 NOP/DMC 8:2 24.9

3 NOP/DMC 8:2 53.3
performed at 40 °C

4 NBP/DMC 8:2 69.1
longer couplings, 40 °C

N DMSO/EtOAc 63.0
1:9 longer couplings, 40 °C

A: elongation of reaction time in the Fmoc removal step
A: elongation of reaction time in the Fmoc removal step; E: all steps
A: elongation of reaction time in the Fmoc removal step; F: double or

A: elongation of reaction time in the Fmoc removal step; F: double or

main byproducts

deletion sequences 29% (Des-Ala 5%; Des-Gln
3%)

deletion sequences 25% (Des-Arg + Des-Gln 7%,
Des-Arg-Arg 3%)

deletion sequences 23% (Des-Gln 10%; Des-Ala
5%)

Deletion sequences 20% (Des-Arg 6%; Des-Ala
5%)

deletion sequences 20% (Des-Gln + Des-Arg 7%;
Des-Ala 5%)

“A detailed description of the protocol modifications and chromatograms is provided in the Supporting Material.

by a green solvent mixture, following the latest trend in
SPPS.’

Among the possible mixtures recently reported in the
literature, we selected N-octylpyrrolidone/dimethylcarbonate
NOP/DMC (8:2),”" dimethylsulfoxide/ethyl acetate DMSO/
EtOAc (1:9),”* N-butylpyrrolidone/ethyl acetate NBP/EtOAc
(8:2),”> and N-butylpyrrolidone/dimethylcarbonate NBP/
DMC (8:2) as the most promising ones. It should be noted
that the key parameters for replacing DMF are polarity and
viscosity, which are the two main factors affecting the reaction
progress in the coupling and deprotection steps. Particularly,
polar solvents strongly favor Fmoc removal by stabilizing the
anionic intermediate while negatively affecting coupling
efficiency.”® In contrast, viscosity has an overall negative
impact on the reaction kinetics. In the first screening, the
synthesis of 2 was performed following the above-described
standard protocol; however, according to our previous
experience, several parameters in the reaction setup need to
be adjusted when the solvent is changed. The identification of
all of the main byproducts allowed us to identify the key steps
in the protocol and to apply corrections. The results obtained
are reported in Table 1.

N-alkyl pyrrolidones represent solid alternatives to DMF and
NMP in organic synthesis, providing the opportunity to
modulate the polarity depending on the length of the alkyl
chain. Particularly, N-octylpyrrolidone (NOP) was previously
applied as a green solvent in SPPS, overcoming its high
viscosity by the addition of 20% of dimethylcarbonate (DMC)
to allow its use in semiautomatic synthesizers.”’ When the
synthesis was performed in NOP/DMC (8:2), the purity of
the final peptide was rather low (entry 2, 60.9%) due to the
presence of byproducts related to the difficulty of Fmoc

removal after the coupling of Phe.’ In an attempt to increase
peptide purity, some selected Fmoc-deprotection steps were
performed at 40 °C, which mildly improved the results (entry
3, 62.7%) despite the formation of several deletion sequences
still being observed. Eventually, the performance of the double
couplings led to satisfactory results (entry 4, 69.9%), which
were close to those achieved with DMF.

As the protocol with NOP/DMC required the introduction
of double couplings, which negatively affected the process mass
intensity, the synthesis was also tested in DMSO/EtOAc (1:9).
By adjusting only the time for Fmoc removal, the purity
achieved was quite low (entry S, 32.8%), and several
byproducts were formed because of issues in deprotection
and the failure of Cam ester construction. The conditions were
then adjusted to address both issues by increasing the
temperature for Fmoc removal similar to the protocol in
NOP/DMC, and increasing the time for the reaction of
bromoacetic acid with the supported dipeptide FK-NH,.
Nevertheless, although the presence of truncated sequences
related to incomplete Fmoc removal was limited, the amount
of Des-SerOCam was still significant (entry 6, 50.9%; Figure
S7), and the overall results were not satisfactory. These results
suggested that although the DMSO/EtOAc mixture was
suitable for the synthesis of several peptides,” it is not optimal
for the synthesis of peptide 2 due to the sensitivity of the
OCam ester.

A mixture of N-butylpirrolidone (NBP) and ethyl acetate
(8:2) has also been reported as a good solvent for solid-phase
peptide synthesis®® and was thus chosen to continue screening
sustainable alternatives to DMF. Taking into account the
previous results, the synthesis was performed under the
optimized conditions immediately, with longer reaction times
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Figure 6. Representation of the ligation process starting from the crude peptide fragments.

for Fmoc removal and increasing the temperature to 40 °C for
deprotection after the coupling of Thr.® These modifications
with NBP/EtOAc gave the peptide with 72.4% purity (entry
7), which is very close to that achieved with DMF.

Finally, encouraged by the results achieved with NOP/DMC
and NBP/EtOAc, we decided to test the mixture of NBP/
DMC (8:2). Under the optimized deprotection conditions,
this mixture yielded peptide 2 with 74.5% purity (entry 8) and
without the need for double coupling. Under these conditions,
no significant amount of deletion sequences was formed, and
the main issue was ester hydrolysis. Overall, the best results
were achieved with NBP/DMC (8:2), both in terms of purity,
which was higher than that achieved under the standard
conditions with DMF, and in terms of greenness, as the
protocol required single coupling, matching the performance
and solvent safety, with a low process mass intensity (PMI).

Synthesis of Liraglutide Fragment H-(12—31)—OH 3.
Screening of green solvent mixtures for the synthesis of
fragment 3 (Figure S5) was carried out following the same
approach used for an SPPS of 2. The results are presented in
Table 2.

The standard protocol using Fmoc chemistry in dimethyl-
formamide (DMF) was first performed as a benchmark using
DIC/OxymaPure as coupling reagents. The Fmoc protecting
group was removed by treating the growing peptide twice with
a 20% piperidine solution in DMF. Preliminary experiments
allowed for the identification of some critical steps that
required sgeciﬁc edients. In particular, the coupling of
Leu,26 Ile,” and Glu”' was repeated twice, with a total reaction
time increasing from 90 to 105 min (60 + 45). The
Lys(GluPal)™ residue bearing the palmitic appendage was
inserted at S0 °C for 24 h, and after this step, all of the
coupling reactions were performed at 40 °C. As previously
described, the coupling step to introduce Glu'® was repeated
twice and the total reaction time was extended to 150 min (90
+ 60). Finally, the last amino acid, Ser,'” was inserted twice to

achieve complete conversion. A detailed process sequence is
presented in Table S12.

Using this protocol in DMF, peptide 3 was obtained with
65.3% purity, and several deletion sequences were observed,
accounting for 29% of the crude mixture, mainly derived from
the misincorporation of alanine and glutamine residues (Table
2, entry 1).

The above-reported conditions were applied to SPPS in
NOP/DMC, increasing the reaction time for Fmoc removal to
15 min, according to what was observed in the synthesis of
fragment 1. Under these conditions, a large number of
impurities were identified as deletion sequences, and peptide 3
was obtained with a purity of 24.9% (entry 2). An increase in
purity (53.3%, entry 3) was achieved by performing all of the
steps at 40 °C; however, the quality of the crude product was
considered unsatisfactory. These results suggest that further
changes in the reaction conditions must be applied to achieve
the desired purity level afforded by SPPS in DMF. Under all of
the tested conditions, the main impurities were related to the
presence of the deletion sequences.

An optimized protocol was developed for the process in
NBP/DMC (8:2) by performing double coupling with 2 equiv,
instead of a single coupling with 3 equiv and extending the
coupling time for the double coupling. Furthermore, all
synthetic steps were performed from Val®” (included) onward
at 40 °C. Under these conditions, a significant increase in
purity was obtained (69.1%, entry 4) due to a decrease in the
deletion sequences. When the same conditions were applied to
the DMSO/EtOAc (1:9) process, similar results were
observed, and 3 was obtained with 63.0% purity (entry S).

Synthesis of Liraglutide 1 Via Omniligase-Catalyzed
Coupling of 2 and 3. Ligation of fragments 2 and 3 was then
performed on the crude peptides. This strategy was chosen
based on the previous work done on CEPS,”® where the crude
fragment approach showed remarkably lower PMI metrics than
the purified one. This evidence relies on the requirement to

purify fragments through chromatography, which inevitably
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Table 3. Process Mass Intensity (PMI) Values for CEPS Synthesis of Liraglutide 1

fragment solvent

1-11 DMF
NOP/DMC 8:2
NOP/DMC 8:2
DMSO/EtOAc 1:9
NBP/EtOAc 8:2
NBP/DMC 8:2
12-31 DMF
NOP/DMC 8:2
NBP/DMC 8:2
DMSO/EtOAc 1:9

protocol modifications

A or A and B
A, B, and C
A or A, B, and D

PMI PMI/aa PMIr PMIr/aa
997.75 71.27
1328.04 94.86 226.98 16.21
1004.13 71.72 187.54 13.40
978.46 69.89 287.70 20.55
1001.22 71.52 201.04 14.36
1031.85 73.70 215.26 15.38
1344.28 67.21
1351.90 67.60 201.23 10.06
1562.74 78.14 264.77 13.24
1478.10 7391 378.73 18.94

increases the volume of waste generated by the process.
Furthermore, the reaction between crude peptides takes
advantage of the selectivity of the enzyme, which may be
exploited as a filter to discard all the impurities not recognized
by the catalyst (Figure 6). This relevantly facilitates the
subsequent downstream process since the unrecognized
truncated sequences are much shorter than the product and
their behavior is very different from that of the target.

In the CEPS protocol, peptide 2 was added in excess (2.0 eq
with respect to 3) due to its shorter sequence and lower cost
than peptide 3, which contains the Lys fragment (GluPal). The
titer and amount of residual TFA were measured in both crude
fragments since excess acidity may strongly interfere with
enzyme reactivity. The titers of the crude fragments were
calculated by comparing the HPLC-MS signals with the
calibration curves obtained with standard pure samples. These
values ranged between 22 and 40% for peptide 2 and 23 and
38% for peptide 3. TFA quantification was calculated via °F-
NMR by comparing the TFA signal in the crude peptides with
the signals of suitable standards such as 2-(4-fluoro-phenyl)-
ethanamine. The TFA contents were 19—31% for 2 and 12—
21% for 3.

Based on these data, peptides 2 and 3 were dissolved
separately in 50 mM tricine buffer by adjusting the pH to S and
11, respectively. After mixing the two solutions, the pH was
adjusted to 8.0, enzyme (1.25% w/w with respect to 3) was
added, and the mixture was stirred at room temperature.
Tris(2-carboxyethyl) phosphine (TCEP) was also added to

avoid the oxidation of catalytic cysteine. The ligation reaction
was monitored by HPLC until peptide 2 was completely
consumed, providing a yield of 81% in solution after 24 h
(Figure 7). The yield in solution was calculated by comparing
the HPLC area with that of a titrated liraglutide standard,
providing the actual quantity of liraglutide formed at the end of
CEPS coupling.

Sustainability of the Process. The hybrid approach,
which matches a green SPPS with enzymatic ligation between
the synthesized fragments, offers several advantages from a
sustainability perspective.

For the upstream process, the use of sacrificial OCamFK
ester decreases atom economy, and the additional steps
required to build this trimeric portion worsen the process
mass intensity (PMI).

The process mass intensity (PMI) has been identified by the
peptide community as a more suitable metric for assessing
protocol greenness. This value is currently used both by
academia and industry since it is easily translated to the cost of
materials, allowing the discussion on sustainable changes in
process development as well as nontechnical functions in the
companies to extend.

To compare the efficiency of the process reported herein
with commonly applied technologies, an evaluation can be
done only after the standardization of the PMI for the
incorporation of a single amino acid in the sequence. However,
the possibility of recovering and recycling the green solvents by
distillation partially rebalances the process sustainability. In



fact, a lower value (PMIr = PMI after recovery) can be
calculated by considering this possibility.

The calculated PMI values are presented in Table 3.

In both the syntheses of peptides 2 and 3, the optimization
of conditions required by the use of green solvent mixtures did
not involve a decrease in process greenness, as the calculated
values are comparable with the standard protocol in DMF and
in agreement with the values commonly reported for SPPS.
The PMIr values, moreover, further increased the advantages
of using green solvent mixtures.

The CEPS approach has the strongest positive effect on the
downstream process. As already mentioned, any hybrid
approach involving the coupling of short fragments has great
advantages with respect to the synthesis of a linear long
peptide, both in terms of yield and the presence of a limited
number of byproducts. When coupling between fragments is
performed by enzymatic ligation, a further advantage is related
to the selectivity of the enzyme toward the six amino acids
recognized by the binding pockets. Indeed, the final crude
product does not contain any impurities related to
epimerization in these positions, misincorporation, or
truncated sequences, and the isolation of the product from
this simplified crude requires milder, and thus more
sustainable, conditions.

B CONCLUSIONS

The chemo-enzymatic approach has been applied to synthesize
complex peptides such as liraglutide 1. To this end, a new
subtilisin mutant, with improved selectivity, was designed to
prevent the formation of impurities caused by the double
coupling of 1—11 self-condensation, and it showed high affinity
for natural amino acids near the ligation site. This enabled the
selective recognition of four amino acids (SDVS) in the ester
fragment and two amino acids (SY) in the amine fragment,
thus enhancing the purity of the coupled product and
simplifying purification. Continuous enzyme optimization can
further improve the reaction efficiency and technological
applications in peptide coupling. Concurrently, the synthesis of
the two fragments was realized by replacing the standard toxic
solvent DMF with greener alternatives. Since it has been
established that a universally suitable green solvent, or mixture,
for all peptides, does not exist, screening was performed for
both fragments to identify the optimal SPPS medium. By
matching the increased greenness of fragment synthesis with
the reduced environmental impact of the purification process
due to enzymatic coupling, a great advancement toward
sustainable peptide synthesis has been achieved.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07543.

Analytical methods, synthetic protocols for SPPS and
related chromatograms, a protocol for enzymatic
coupling, and PMI calculations (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Antonio Ricci — Fresenius Kabi, R&D, 45010 Villadose, RO,
Italy; Email: antonio.ricci@fresenius-kabi.com
Alessandra Tolomelli — P4i Laboratory, Department of
Chemistry “Giacomo Ciamician”, Alma Mater Studiorum —

University of Bologna, 40129 Bologna, Italy; © orcid.org/
0000-0003-4202-1136; Email: alessandra.tolomelli@

unibo.it

Authors

Silvia Rizzo — P4i Laboratory, Department of Chemistry
“Giacomo Ciamician”, Alma Mater Studiorum — University
of Bologna, 40129 Bologna, Italy

Ana Toplak — Fresenius Kabi, R&D, 45010 Villadose, RO,
Italy

Marco Macis — Fresenius Kabi, R&D, 45010 Villadose, RO,
Italy

Lucia Ferrazzano — P4i Laboratory, Department of Chemistry
“Giacomo Ciamician”, Alma Mater Studiorum — University
of Bologna, 40129 Bologna, Italy; © orcid.org/0000-0002-
7083-2211

Walter Cabri — P4i Laboratory, Department of Chemistry
“Giacomo Ciamician”, Alma Mater Studiorum — University
of Bologna, 40129 Bologna, Italy; © orcid.org/0000-0001-
7865-0474

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.4c07543

Author Contributions

The manuscript was written through the contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding

Financial support was provided by the Alma Mater Studiorum,
University of Bologna. This research was part of a collaborative
project between the P4i laboratory and Fresenius-Kabi ipsum,
Villadose (RO), Italy.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge the Alma Mater Studiorum
University of Bologna and Fresenius-Kabi ipsum for financial
support (Contract prot. 000359 conv. 14/23). The Italian
Ministry of University and Research (MIUR) is gratefully
acknowledged for the PhD fellowship to S.R.. The CINMPIS
consortium (Interuniversity Research National Consortium for
the Development of Innovative Methodologies for Synthetic
Processes) is also gratefully acknowledged.

B ABBREVIATIONS

SPPS, solid-phase peptide synthesis; LPPS, liquid-phase
peptide synthesis; CEPS, chemo-enzymatic peptide synthesis;
GSPPS, green solid-phase peptide synthesis; API, active
pharmaceutical ingredient; SVHC, substance of very high
concern; GLP-1, glucagon-like peptide 1; CAGR, compound
annual growth rate; PMI, process mass intensity

B REFERENCES

(1) Cabri, W.; Cantelmi, P.; Corbisiero, D.; Fantoni, T.; Ferrazzano,
L.; Martelli, G.; Mattellone, A.; Tolomelli, A. Therapeutic Peptides
Targeting PPI in Clinical Development: Overview, Mechanism of
Action and Perspectives. Front. Mol. Biosci. 2021, 8, No. 6975586.

(2) Lau, J. L; Dunn, M. K. Therapeutic peptides: Historical
perspectives, current development trends, and future directions.
Bioorg. Med. Chem. 2018, 26, 2700—2707.

(3) Pawlas, J.; Rasmussen, J. Sustainable approaches in solid-phase
peptide synthesis (SPPS). In Sustainability in Tides Chemistry: Green



Approaches to Oligonucleotides and Oligopeptides Synthesis; RSC, 2024;
pp 50—84.

(4) Ferrazzano, L.; Catani, M.; Cavazzini, A.; Martelli G.;
Corbisiero, D.; Cantelmi, P.; Fantoni, T.; Mattellone, A.; De Luca,
C.; Felletti, S.; Cabri, W.; Tolomelli, A. Sustainability in peptide
chemistry: Current synthesis and purification technologies and future
challenges. Green Chem. 2022, 24, 975—1020.

(5) Sharma, A.; Kumar, A.; de la Torre, B. G.; Albericio, F. *Liquid-
Phase Peptide Synthesis (LPPS): A Third Wave for the Preparation of
Peptides. Chem. Rev. 2022, 122, 13516—13546.

(6) Ricci, A; Toplak, A; Cabri, W. Sustainable Approaches to
Chemo-enzymatic Peptide Synthesis (CEPS). In Sustainability in
Tides Chemistry: Green Approaches to Oligonucleotides and
Oligopeptides Synthesis; RSC, 2024; pp 109—132.

(7) Isidro-Llobet, A.; Kenworthy, M. N.; Mukherjee, S.; Kopach, M.
E.; Wegner, K,; Galloy, F.; Smith, A. G.; Roschangar, F. Sustainability
Challenges in Peptide Synthesis and Purification:From R&D to
Production. J. Org. Chem. 2019, 84, 4615—4628.

(8) Koenig, S. G.; Bee, C.; Borovika, A.; Briddell, C.; Colberg, J.;
Humphrey, G. R.; Kopach, M. E.; Martinez, I.; Nambiar, S.; Plummer,
S.V,; Ribe, S. D.; Roschangar, F.; Scott, J. P.; Sneddon, H. F. A Green
Chemistry Continuum for a Robust and Sustainable Active
Pharmaceutical Ingredient Supply Chain. ACS Sustainable Chem.
Eng. 2019, 7, 16937—16951.

(9) USS. Food and Drug Administration. ANDAs for Certain Highly
Purified Synthetic Peptide Drug Products That Refer to Listed Drugs
of rtDNA Origin, Guidance for Industry 2021 https://www.fda.gov/
regulatory-information/search-fda-guidance-documents/andas-
certain-highly-purified-synthetic-peptide-drug-products-refer-listed-
drugs-rdna-origin. (accessed September 10, 2024).

(10) International Council for Harmonisation of Technical Require-
ments for Pharmaceuticals for Human Use (ICH) - Harmonised
Tripartite Guideline: Impurities in new drug substance Q3A(R2)
2006 https://database.ich.org/sites/default/files/
Q3A%28R2%29%20Guideline.pdf.

(11) European Medicines Agency EMA/CHMP/CVMP/QWP/
387541/2023 Guideline on the Development and Manufacture of
Synthetic Peptides 2023 https://www.ema.europa.eu/en/documents/
scientific-guideline/draft-guideline-development-manufacture-
synthetic-peptides_en.pdf. (accessed September 10, 2024).

(12) Frederick, M. O.; Boyse, R. A; Braden, T. M.; Calvin, J. R;
Campbell, B. M,; Changi, S. M,; Coffin, S. R.; Condon, C.; Gowran,
O.; Groh, J. M,; Groskreutz, S. R,; Harms, Z. D.; Humenik, A. A;
Kallman, N. J; Klitzing, N. D.; Kopach, M. E.; Kretsinger, J. K;
Lambertus, G. R;; Lampert, J. T.; Maguire, L. M.; Moynihan, H. A,;
Mullane, N. S.; Murphy, J. D.; O’'Mahony, M. E.; Richey, R. N;;
Seibert, K. D.; Spencer, R. D.; Strege, M. A.; Tandogan, N.; Torres, F.
L. T.; Tsukanov, S. V.; Xia, H. Kilogram-Scale GMP Manufacture of
Tirzepatide Using a Hybrid SPPS/LPPS Approach with Continuous
Manufacturing. Org. Process Res. Dev. 2021, 25, 1628—1636.

(13) Nuijens, T.; Toplak, A,; Schmidt, M,; Ricci, A; Cabri, W.
Natural Occurring and Engineered Enzymes for Peptide Ligation and
Cyclization. Front. Chem. 2019, 7, No. 829.

(14) Smith, E. L; Markland, F. S.; Kasper, C. B.; Delange, R. J;
Landon, M.; Evans, W. H. The complete amino acid sequence of two
types of subtilisin, BPN” and Carlsberg. J. Biol. Chem. 1966, 241,
5974—-5976.

(15) Pawlas, J.; Nuijens, T.; Persson, J.; Svensson, T.; Schmidt, M.;
Toplak, A.; Nilsson, M.; Rasmussen, J. H. Sustainable, cost-efficient
manufacturing of therapeutic peptides using chemo-enzymatic peptide
synthesis (CEPS). Green Chem. 2019, 21, 6451—6467.

(16) Weeks, A. M.; Wells, J. R. Subtiligase-Catalyzed Peptide
Ligation. Chem. Rev. 2020, 120, 3127—3160.

(17) European Chemical Agency ECHA reference for DMF.
https://echa.europa.eu/it/substance-information/-/substanceinfo/
100.000.617. (accessed September 10, 2024).

(18) Barredo-Vacchelli, G. R.; Rodriguez, J. A.; Eloy, J. A.; Camperi,
S. A. A Novel Method for Liraglutide Synthesis and Purification. Pept.
Sci. 2024, 116, No. 24351, DOI: 10.1002/pep2.24351.

(19) Guryanov, L; Orlandin, A.; De Paola, L; Viola, A.; Biondi, B;
Badocco, D.; Formaggio, F.; Ricci, A.; Cabri, W. Copper(II) Lysinate
and Pseudoproline Assistance in the Convergent Synthesis of the
GLP-1 Receptor Agonists Liraglutide and Semaglutide. Org. Process
Res. Dev. 2021, 25, 1598—1611.

(20) Carbajo, D.; El-Faham, A.; Royo, M.; Albericio, F. Optimized
Stepwise Synthesis of the API Liraglutide Using BAL Resin and
Pseudoprolines. ACS Omega 2019, 4, 8674—8680.

(21) Carbajo, D.; Fransen, P.; El-Faham, A.; Royo, M.; Albericio, F.
Pseudo-Wang Handle for the Preparation of Fully Protected Peptides.
Synthesis of Liraglutide by Fragment Condensation. Org. Lett. 2019,
21, 2459—-2463.

(22) Sisson, E. M. Liraglutide: clinical pharmacology and
considerations for therapy. Pharmacotherapy 2011, 31, 896—911.

(23) Global Market Insights, Peptide Therapeutics Market report.
https://www.gminsights.com/. (accessed September 10, 2024).

(24) Knudsen, L. B;; Lau, J. The Discovery and Development of
Liraglutide and Semaglutide. Front. Endocrinol. 2019, 10, No. 155.

(25) Staby, A.; Steensgaard, D. B.; Haselmann, K. F.; Marino, J. S.;
Bartholdy, C.; Videbxk, N.; Schelde, O.; Bosch-Traberg, H.; Spang, L.
T.; Asgreen, D. J. Influence of Production Process and Scale on
Quality of Polypeptide Drugs: a Case Study on GLP-1 Analogs.
Pharm. Res. 2020, 37, No. 120.

(26) Quaedflieg, P. J. L. M,; Toplak, A,; Nuijens, T. Chemo-
Enzymatic Synthesis Of Liraglutide, Semaglutide And Glp-1. WO
Patent WO2019170918.

(27) Toplak, A.; de Oliveira, E. F. T.; Schmidt, M.; Rozeboom, H. J.;
Wijma, H. J.; Meekels, L. K. M.; de Visser, R.; Janssen, D. B.; Nuijens,
T. From thiol-subtilisin to omniligase: Design and structure of a
broadly applicable peptide ligase. Comput. Struct. Biotechnol. J. 2021,
19, 1277—-1287.

(28) Nuijens, T.; Mateman, J.; De Visser, R.; Cabri, W.; Wallraven,
K.; Wijker, E.; Ricci, A.; Toplak, A. Subtilisin Variants And Their Use.
WO Patent W02022/171667.

(29) Nuijens, T.; Toplak, A; van de Meulenreek, M. B. A. C;
Schmidt, M.; Goldbach, M.; Quaedflieg, P. J. L. M. Improved solid
phase synthesis of peptide carboxyamidomethyl (Cam) esters for
enzymatic segment condensation. Tetrahedron Lett. 2016, 57, 3635—
3638.

(30) Ferrazzano, L.; Corbisiero, D.; Martelli, G.; Tolomelli, A.;
Viola, A,; Ricci, A.; Cabri, W. Green Solvent Mixtures for Solid-Phase
Peptide Synthesis: A Dimethylformamide-Free Highly Efficient
Synthesis of Pharmaceutical-Grade Peptides. ACS Sustainable Chem.
Eng. 2019, 7, 12867—-12877.

(31) Martelli, G.; Cantelmi, P.; Tolomelli A.; Ferrazzano, L.;
Corbisiero, D.; Mattellone, A.; Ricci, A.; Fantoni, T.; Cabri, W.; et al.
Steps towards sustainable solid phase peptide synthesis: use and
recovery of N-octyl pyrrolidone. Green Chem. 2021, 23, 4095—4106.

(32) Broman, S. L.; Rosenberg, M.; Wojcik, F.; Hansen, A. H;
Egelund, P. G. H.; Malmstrgm, J.; Pedersen, D. S. Green Solid-Phase
Peptide Synthesis: Oxyma-Triggered Spectrophotometric Monitoring
of Residual Piperidine. Org. Process Res. Dev. 2024, 28, 666—673.

(33) Pawlas, J.; Antonic, B,; Lundqvist, M.; Svensson, T.; Finnman,
J; Rasmussen, J. H. 2D green SPPS: green solvents for on-resin
removal of acid sensitive protecting groups and lactamization. Green
Chem. 2019, 21, 2594—2600.

(34) Martin, V.; Jadhav, S.; Egelund, P. H. G; Liffert, R.; Castro, H.
J.; Kriiger, T.; Haselmann, K. F,; Le Quement, S. T.; Albericio, F,;
Dettner, F.; Lechner, C.; Schonleber, R.; Pedersen, D. S. Harnessing
polarity and viscosity to identify green binary solvent mixtures as
viable alternatives to DMF in solid-phase peptide synthesis. Green
Chem. 2021, 23, 3295—3311.

(35) Nuijens, T.; Toplak, A.; Quaedflieg, P. J. L. M.; Drenth, J.; Wu,
B.; Janssen, D. B. Engineering a Diverse Ligase Toolbox for Peptide
Segment Condensation. Adv. Synth. Catal. 2016, 358, 4041—4048.



