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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).23 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,24

was produced using a semisynthetic approach by acylating the
linear peptide obtained by recombinant fermentation with a
fatty acid deriving side chain.25

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.

■ RESULTS AND DISCUSSION
The process design started with the identification of the
peptide bond to be created via biocatalysis.26 As reported
above, omniligase-1 is a thiol subtilisin mutant derived from
peptiligase with a broadened substrate scope and efficient
synthetic performance.27 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 palmitic acid chain to
identify the most suitable position.26 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, G166E), 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).27

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′

Figure 3. Omniligase-1-mediated peptide coupling mechanism and rough substrate guidelines.



pocket28 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-
NH2 2. For C-terminal activation, the carboxamidomethyl
ester (OCam)27,29 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-NH2 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
DMF. 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/H2O
(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-NH2 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

Figure 4. Structure of H-(1−11)-CamFK-NH2 2.

Table 1. Green Solvent Mixture and Adjusted Conditions for the SPPS of H-(1-11)-CamFK-NH2 Fragment 2

entry solvent
purity
(%) protocol modificationsa main byproducts

1 DMF 74.6 ester hydrolysis (3.1%); deletion sequences
(6.4%); N,O-shifts (5.3%)

2 NOP/DMC (8:2) 60.9 A: elongation of reaction time in the Fmoc removal step ester hydrolysis (2.6%); deletion sequences
(2.8%); incomplete Fmoc removal (4.1%);
epimers (5.3%)

3 NOP/DMC (8:2) 62.7 A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal
step at 40 °C after coupling of Thr5

ester hydrolysis (2.4%); deletion sequences
(13.2%); epimers (3.3%)

4 NOP/DMC (8:2) 69.9 A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal
step at 40 °C after coupling of Thr;5 C: double couplings

ester hydrolysis (2.2%); incomplete Fmoc
removal (2.9%); epimers (4.3%)

5 DMSO/EtOAc
(1:9)

32.8 A: elongation of reaction time in the Fmoc removal step Des-SCam (11.1%); incomplete Fmoc removal
(39.5%)

6 DMSO/EtOAc
(1:9)

50.9 A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal
step at 40 °C after coupling of Thr;5 D: coupling of bromoacetic
elongated to 180 min

deletion sequences (25.8%)

7 NBP/EtOAc (8:2) 72.4 A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal
step at 40 °C after coupling of Thr5

ester hydrolysis (4.5%)

8 NBP/DMC (8:2) 74.5 A: elongation of reaction time in the Fmoc removal step; B: Fmoc removal
step at 40 °C after coupling of Thr5

ester hydrolysis (5.1%); epimers (5.0%)

aA 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.30

Among the possible mixtures recently reported in the
literature, we selected N-octylpyrrolidone/dimethylcarbonate
NOP/DMC (8:2),31 dimethylsulfoxide/ethyl acetate DMSO/
EtOAc (1:9),32 N-butylpyrrolidone/ethyl acetate NBP/EtOAc
(8:2),33 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.34 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.31 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.6 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 5, 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-NH2.
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,32 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 synthesis33 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

Figure 5. The structure of H-(12−31)−OH 3.

Table 2. Green Solvent Mixture for the Synthesis of Fragment 12−31 3

entry solvent
purity
(%) protocola main byproducts

1 DMF 65.3 - deletion sequences 29% (Des-Ala 5%; Des-Gln
3%)

2 NOP/DMC 8:2 24.9 A: elongation of reaction time in the Fmoc removal step deletion sequences 25% (Des-Arg + Des-Gln 7%,
Des-Arg-Arg 3%)

3 NOP/DMC 8:2 53.3 A: elongation of reaction time in the Fmoc removal step; E: all steps
performed at 40 °C

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

4 NBP/DMC 8:2 69.1 A: elongation of reaction time in the Fmoc removal step; F: double or
longer couplings, 40 °C

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

5 DMSO/EtOAc
1:9

63.0 A: elongation of reaction time in the Fmoc removal step; F: double or
longer couplings, 40 °C

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

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





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 19F-
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 5 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

Figure 7. HPLC chromatogram of the CEPS reaction using crude 1−11 and 12−31 fragments (see SI for zoomed chromatograms).

Table 3. Process Mass Intensity (PMI) Values for CEPS Synthesis of Liraglutide 1

fragment solvent protocol modifications PMI PMI/aa PMIr PMIr/aa

1−11 DMF - 997.75 71.27
NOP/DMC 8:2 A or A and B 1328.04 94.86 226.98 16.21
NOP/DMC 8:2 A, B, and C 1004.13 71.72 187.54 13.40
DMSO/EtOAc 1:9 A or A, B, and D 978.46 69.89 287.70 20.55
NBP/EtOAc 8:2 - 1001.22 71.52 201.04 14.36
NBP/DMC 8:2 - 1031.85 73.70 215.26 15.38

12−31 DMF - 1344.28 67.21
NOP/DMC 8:2 - 1351.90 67.60 201.23 10.06
NBP/DMC 8:2 - 1562.74 78.14 264.77 13.24
DMSO/EtOAc 1:9 - 1478.10 73.91 378.73 18.94
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