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Kristóf Ferentzi, ab Dóra Nagy-Fazekas,ab Viktor Farkas bc and András Perczel *bc

The most fundamental topological units of proteins are their autonomously folded domains. The rapid and

reliable chemical synthesis of domains in the range of 5–10 kDa in size, remains a challenge. Their bacterial

expression is cumbersome, especially when chemical changes, post-translational modifications or the

incorporation of non-natural residues are involved. Here, we report an in-house flow-chemistry-based

synthetic method that enables one-step, fully automated synthesis of small protein domains without native

chemical ligation. Our improved protocol is more efficient, using only 3 equivalent reagents and small

amounts of organic solvents (6 ml per cycle) at a scale of 36 μmol. First, we tested the limits of our system

with oligotuftins of increasing length, H-(TKPKG)k-NH2 (4 ≤ k ≤ 16), a polypeptide composed of five

residue long repeats. Second, four very different small single domain proteins were selected, each

representing one specific 3D-fold type. Z amyloid binding affibody 3, Z(Aβ3), is of α-fold, while SRC

homology 3 domain (SH3) is a representative of the all β-stand fold. Bovine pancreatic trypsin inhibitor

(BPTI) is an example of α + β, while human ubiquitin (UBI) is that of the α/β type domains. Our protocol

was developed by optimizing concentration, flow rate, solvent composition, coupling time and reaction

temperature allowing the overnight chain assembly (e.g. 7.4–8.6 hours) of a protein such as BPTI. Our

smart peptide chemistry in flow (SPF) protocols are versatile and can be successfully applied to produce

not only small protein modules, but also their chemical variants such as foldamers, or chimeras in

moderate yields providing the synthetic background for current academic and specific pharmaceutical

research.

Introduction

In the era of biosimilars, there is a great demand from both
academic research and the efficiency-driven pharmaceutical
industry for designed and tailored polypeptides and proteins
of great diversity. The production of proteins of the most
typical size range (200–400 residues in length) has long been
successfully carried out by recombinant expression in various
bacterial, yeast, insect or even human host cells, but it is far
from being a fail-safe method for all. The synthesis of
pharmacologically relevant smaller proteins and oligopeptides
has remained a challenge, as they are often rapidly digested

or silenced by the host when expressed directly. In these
cases, chimera or fusion expression systems are used in
which the smaller proteins of interest are protected and/or
solubilised by another stable partner protein. However,
selecting a suitable partner and designing a suitable linker
and cleavage site between the two can be difficult. Another
common challenge is that pharmaceutical proteins may
contain modified or non-natural amino acids, making their
expression particularly difficult and uneconomical.1–3 In these
cases, chemical synthesis using automated synthetic cycles
(involving amino acid activation, coupling and cleavage of the
protecting groups) may therefore be useful.

Conventional solid-phase peptide synthesis (SPPS) reaches
its limits at chain lengths of 40–50 residues, where lower
conversion yields per cycle and difficult sequence motifs pose
problems. However, larger proteins can be obtained using
this method by applying fragment condensation and native
chemical ligation (NCL) to join two or more separately
synthesised chains.4,5 However, fragment condensation has
limitations, for example the individual purification of all
fragments and their solubility. Though other ligation
methods were also published,6 a typical NCL protocol
requires Cys residues. Despite of the advances in the Fmoc
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synthesis of thioesters, their production still remains a
challenge.7–9 Thus, in the case of NCL, using Boc-chemistry
would be the first choice, but it is not suitable for flow based
automated techniques.10 Synthetic methods that take into
account the subsequent purification steps often apply the
acetyl capping option after each and every coupling step,11–13

increasing protocol times.
One of the most exciting advancements of peptide

chemistry in recent decades has been the rediscovery of flow-
based synthesis,14–22 which offers many advantages over
conventional, batch reactor-based peptide synthetic
techniques. Effective reagent mixing, temperature and
pressure control and a high degree of automation with the
in-line monitoring options of the reactions are just a few
among them23,24 (although – in the field of automation –

serious developments were implemented in batchwise
synthesis area recently as well).25 In a pioneering paper
Hartrampf et al. showed that even the synthesis of a protein
(e.g., 164 aa. long) can be carried out in a flow system within
a few hours, reducing cycle time to ∼2.5 minutes, although
the purity of the published raw materials requires excessive
and thorough purification steps.26,27 However, the excess
reagent required per coupling cycle varies from 40 to 190
equivalents, which increases production costs, generates a
significant amount of waste and represents a serious
environmental burden, making this method less economical
and certainly not environmentally friendly.

The recent emergence of more efficient and controlled
methodologies provides a context for optimising peptide
synthesis processes to make them faster, cheaper and more

environmentally friendly. With a focus on efficiency, keeping
costs as low as possible and making amino acid coupling
increasingly environmentally friendly, we are continuously
developing both the hardware of the synthesiser and the
methods used for SPPS. This complex approach is what we
call smart peptide chemistry in flow, or SPF for short. In this
sense, SPF is not just an instrument that can be built from
relatively simple and easy-to-develop HPLC modules and
modified to meet new challenges, nor is it just a synthesis
that is under continuous development. It is a combined
strategy of both methods and approaches that takes into
account the size of the environmental footprint as well as the
length of the synthesis time, the amount of reagents and the
type of solvent, all of which are optimised at the same time.
In this work we aimed to produce representative protein
domains within this framework.21

The apparatus behind SPF is an HPLC based, easy-to-
assemble, modular hardware (a single pump, an auto-
injector, a heated column with the resin) with some recent
modifications, such as a UV-detector to monitor coupling
and Fmoc-cleavage efficiency (Fig. 1a and S1†). We have
chosen 4 + 1 proteins for synthesis: Z amyloid binding
affibody 3 (Z(Aβ3)) is an α-helical small protein, SRC
homology 3 domain (SH3) is of β-strand fold,13,28 bovine
pancreatic trypsin inhibitor (BPTI) is an example of the α + β

fold-type whereas human ubiquitin (UBI) is an α/β-type single
domain protein.29,30 As reference, the completely
unstructured oligotuftsin proteins were used. Proteins can be
made up of one, sometimes more, and occasionally several
domains. However, ∼1/3 of bacterial, and ∼1/4 of eukaryotic

Fig. 1 a) Layout of the system. A typical SPF synthesis is carried out using the setup shown in panel b): coupling: AA/DIC/oxyma (1 : 1 : 2), Fmoc-
cleavage: 30% piperidine, T = 80 °C, p: 60–80 bar, TentaGel S RAM resin (0.24 mmol g−1) 130–150 mg. b) Diagrams of the different protocols used
for coupling cycles. T = 80 °C, p: 60–80 bar. Protocols a, b, d and e use ∼3 equivalents, while protocol c: ∼6 equivalent of reagents for 150 mg
RAM TG resin (0.24 mmol g−1). The five different SPF protocol schemes used, are referred to as protocol a–e. All five protocols consist of the 4
basic elements: coupling, washing, Fmoc-cleavage and washing. While the basic protocols a–c have a total cycle length of 7.5 min, v = 0.6 ml
min−1 and c ∼0.11 M, those of protocols d and e are extended by 4.5 min as their flow rate is half of the former ones: v = 0.3 ml min−1. Protocol a
and c are identical, but the latter uses higher reagent concentration: c ∼0.2 M. Protocol b uses the same amount of reagent as protocol a, but in a
more concentrated form.
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proteins consist of a single and relatively small domain, that
folds autonomously in water. The four folded proteins we
selected for synthesis sample the four basic domain types,
those of the α-, β-, α + β- and α/β-types.31

An important feature of our chosen set of proteins is the
diversity of possible dipeptide sequences encountered during
their synthesis, providing a versatile testing ground for our
methodology (Fig. S2†). The success of any coupling reaction
depends on several factors beyond the nature of the two
residues to be coupled, such as the side-chain topology of the
adjacent and fully protected amino acids, the length of the
growing polypeptide chain, the type of resin and the solvent
chosen. Self-association, on-resin aggregation, molecular
crowding are serious challenges to overcome.32–34 Each
characteristic fold type is longer than the typical 40 amino
acid length-limit for SPPS (Table 1).

To fine-tune our protocol, we monitored and analysed the
HPLC profile of the raw materials to assess their suitability
for conventional HPLC purification. The main source of by-
products is ineffective coupling. Several factors exacerbate
this problem, such as the amino acid composition of the
primary sequence, the hydrophobic residue content of the
protein, the distribution and topology of bulky and lipophilic
side chain protecting groups, the presence of β-branched
residues, local aggregation tendencies, solvent, temperature
and resin type.32–35 For example, it was shown, that the crude
peptide purity is better if a PEG based resin is used and thus,
purity increases with the PEG content of the polymeric
support.15 Chain mobility, which facilitates the release of
previously aggregated peptide chains, is increased by the
higher temperature applied. However, heating can also be a
stimulus for side reactions.36,37 The use of chaotropic
solvents, polyethylene type sidechain protecting groups,
pseudoproline derivatives, depsipeptides and N-alkyl amino
acids were shown to improve synthetic results.38–47 As
residues are coupled step by step, the properties of the
polymer matrix also change, creating the need for residence
time control (Fig. S3†). Controlling residence time has been
shown to be critical in continuous flow chemistry because –

by optimising flow rate and concentration – a higher
conversion can be achieved without increasing the reagent
excess.

On-resin type aggregation can occur by a number of
different mechanisms, hindering coupling and jeopardising
success. Intramolecular interactions can cause the
polypeptide chain to adopt secondary structures such as
backbone folds. Intermolecular interactions can lead to the
formation of interconnected, ordered structures that may
mask the N-terminal amine of the growing chain, making
subsequent coupling difficult. These properties of the resin
vary with the nature of the polymeric matrix building up the
solid phase. For example, even shorter oligopeptides tend to
form aggregates on 100% polystyrene (PS) resin, whereas a
30–40 residue long polypeptide may escape a similar fate if a
PEG-grafted PS (TentaGel) resin is used. The use of a 100%
PEG based ChemMatrix resin can minimise these unwanted
interactions. However, ChemMatrix resins swell to an
unfavorable extent, which is a serious obstacle in the use of a
fixed volume column. Here we propose a machine and a
methodology that, despite the challenges involved, can be
successfully applied to synthesise a wide variety of small
single domain proteins.

Results and discussion

Previously, as an example, we have successfully synthesized
the 51 amino acid long polypeptide that inhibits human
myostatin.21,48,49 We optimized the coupling reaction, by
modifying flow rate (v), reagent concentration (c) and reagent
equivalent. Five different methods were generated to map
and provide the necessary alternatives (Fig. 1b).

To test the synthetic performance of our SPF protocols,
oligotuftsins (OT) of different lengths were used as reference
polypeptides. The reference oligopeptides we selected are
modular and tunable in length, but lack stable secondary
structure, in contrast to folded protein domains.50,51 The
canine OT repeat unit, -TKPKG-, contains a Pro residue with
structure disrupting properties, making OT less susceptible

Table 1 Single domain proteins selected to test robustness of SPF protocols against literature

Name Z(Aβ3)a SH3b BPTIc UBId Oligotuftsine

Domain type

α

β

α + β

α/β Dynamic reference system

Total residue number 58 61 58 76 5–40
Mav. (Da) 6307.08 7129.83 5979.85 8433.66 2063.52–4107.54
PDB code 2B89 2VKN 3AUB 1UBQ —
Total synthesis time as published 33 h 81.3 h 134.3 h 98 h 10–70 h
HPLC purified yield as published f 8% Not provided 2% 14% 80–60%

a Lindgren, J.43 b Mende, F.28 c Ferrer, M.44 d El Oualid45 e Mező46–47 f Based on resin quantity and capacity used.

Reaction Chemistry & EngineeringPaper

Pu
bl

is
he

d 
on

 2
0 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 3
/1

/2
02

4 
11

:5
0:

17
 A

M
. 

View Article Online

https://doi.org/10.1039/d3re00324h


React. Chem. Eng., 2024, 9, 58–69 | 61This journal is © The Royal Society of Chemistry 2024

to the unwanted on-resin aggregation. We will refer to the
different oligotuftsin systems as OT(P)x where x is the
number of residues making up a given variant. The central
residue of the repeat sequence is shown in brackets (Table 2).

The -TKPKG- segment is ideal as a reference unit, as it
contains a small (Gly), a branched and bulky (Thr(tBu)), an
unbranched and longer (Lys(Boc)) and a secondary amine
group comprising the Pro amino acid residue. Furthermore,
as the central Pro has a fixed dihedral angle, φPro (∼70°), it
partially restrains the internal flexibility of this pentapeptide
unit, hindering the peptide to adapt a stable conformation.
This feature, repeated at every 5 residues, can suppress both
inter- and intramolecular aggregation, even for longer
polypeptides, such as OT(P)70. The synthetic performance of
the SPF basic protocol a was tested producing OTs of
different lengths, in the OT(P)20–OT(P)80 range. Using SPF
protocol a (tR = 3.3 min, c = 0.11 M), we were able to
efficiently incorporate the first 40–45 amino acids, beyond
this size (entering the size-range of our targeted folded
domains) the purity of the main product decreased
significantly (Fig. 2a and 3 orange line, with respect to the
red dashed line). The HPLC chromatograms of the raw
OT(P)20, OT(P)30 and OT(P)40 are primarily composed of the
main products (Fig. 2a), those of OT(P)50 to OT(P)80 show
signs of considerable impurities, although the main product
peaks remain sharp and distinguishable (Fig. S5–S11†). As
the PEG chains are responsible for preventing the peptide
from adopting a stable conformation through solvation,

when the length of a nascent polypeptide chain exceeds the
length of the PEG chains, the protective power of the PEG
drastically decreases. A linear regression (R2 = 0.969) was
established between the main product yield and the
polypeptide length of OT(P)20–OT(P)50
(Fig. 3 dashed red line), which, extrapolated up to OT(P)80
clearly indicates the decreasing yield. Data collected both
during the synthesis and after LC-MS show (see ESI†) that
the truncated OTs are Lys-deficient polypeptides. Lys has a
long side chain, especially when protected by the bulky and
hydrophobic Boc group, which might result slightly lower
diffusion rate and slower acylation especially when the
peptide chains are longer. This is manifested in small but
systematic Lys-loss, especially when the nascent peptide
chain grew longer.

The above challenges were solved by simultaneously
changing both flow rate and concentration, i.e. replacing
protocol a with protocol e for coupling Lys and Pro (Fig. 2b).
By reducing the flow rate and doubling the reagent
concentration, the same residence time on the resin was
obtained, but at a higher concentration. The positive effect of
protocol e on overall yield and purity is evident (Fig. 2b/
blue line). In order to determine the capabilities of protocol e
independently of the anti-aggregation protection of the
regularly appearing prolines, new OT(V)x was also
synthesised placing Val in the center of the repeating unit. A
comparison of the crude peptide yields of OT(V)x with those
of OT(P)x shows that there is a clear decrease in the purity of
the main product (Fig. 2 and 3/green line). Indeed, the
profiles of the HPLC chromatograms of the longest OT(V)x (x
> 60) show more by-products and predict more difficult
purifications (Fig. S16–S19†), confirming the positive role of
Pro-like kinks of the backbone for the successful synthesis of
longer polypeptide chains by solid-phase peptide synthesis.40

In other words, the most successful synthesis is expected for
those protein domains that have more Pro residues. After the

Table 2 Nomenclature used to depict oligotuftsin

Abbreviation
example

Repeating
unit

Number of
repeating unit

Number of
residues

OT(P)20 -TKPKG- 4 20
OT(V)20 -TKVKG- 4 20
OT(P)40 -TKPKG- 8 40

Fig. 2 The RP-HPLC chromatograms of the crude oligotuftsin polypeptides, OT(P)x: = [TKPKG]k, where k = 4 for OT20, k = 10 for OT50 and k =
16 for OT80 and x indicates the number of residues. a) SPF protocol a was applied for OT(P)20, …, OT(P)80: c = 0.11 M, v = 0.6 ml min−1, tR = 1.67
min. b) Thr and Gly residues were coupled with protocol a, while Lys and Pro were coupled with protocol e to give OT(P)50e, …, OT(P)80e: c =
0.22 M, v = 0.3 ml min−1, tR = 3.3 min. c) For the synthesis of OT(V)xe polypeptides, [TKVKG]k 10 < k < 16, protocol a was used for all residues,
except Lys, for which protocol e was applied.
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first 40 coupling steps, the nascent polypeptide chain
gradually becomes more prone to aggregation.

In line with this, the SPF synthesis of BPTI is expected to
be the easiest of those we have selected, as it is rich in
prolines after the 40th coupling (P2, P8, P9 and P13) and
therefore less prone to aggregation. Therefore, it is safe to
assume that if BPTI-SPF synthesis fails for any reason, it will
not be due to primary sequence and aggregation problems,
but to stepwise coupling inefficiencies. Since our focus in the
present SPF synthesis of BPTI was to optimise the main
product with respect to all by-products, we synthesised a
variant of BPTI containing Cys mutants with only one
disulfide bridge (PDB: 3AUB). The performance of SPF is
demonstrated by the protocols examined and compared
(Tables 3 and S3 and Fig. S20–S26†). As there are 4 prolines
in BPTI after the 40th coupling, which are mostly
homogeneously distributed, we assumed that faulty
sequences were due to ineffective acylation rather
aggregation on the resin. The Fmoc cleavage data collected
by the in-line UV detector as a function of primary sequence
(Fig. 4) show that acylation is typically poorer when coupling
with Arg(Pbf), Lys(Boc), Gln(Trt), Pro and Asn(Trt) residues,
and does not indicate sequence dependent aggregation. The
lower reactivity of Lys(Boc) was previously observed for OTs
and we proposed that this was related to the size of the side
chain. A similar conclusion can be drawn for Arg, but also

for the bulkier Trt-protected Asn, Gln, Cys and His residues.
Having successfully overcome this challenge for OTs, we have
also overcome this problem for BPTI by fine-tuning both the
concentration and the flow rate of the SPF protocols
(Table 3). The mainstream approach to solve acylation
inefficiency would be to increase the molar equivalent used
for coupling,26 which is neither environmentally friendly, nor
cost effective. Reducing the flow rate and using a higher
reagent concentration in a smaller volume has been
successfully tested and now gives a better crude product for
BPTI as well. This appears to be an effective compromise
between synthesis time and efficacy, as the best and most
economical result was obtained with protocol e, which gave a
readily purifiable crude product requiring only a small
increase in synthesis time (Tables 3 and S3,† compare row 4
to 1 and Fig. 5). It is worth noting that protocol c gives a
crude product of similar purity and yield and also reduces
the synthesis time for BPTI, but the gain is only about one
hour (Fig. S25 and S26†). However, this approach is more
costly and less environmentally friendly as the faster route
requires the use of 6 equivalent reagents instead of 3.

The optimization of the BPTI synthesis highlighted, that
supposedly most of the coupling deficiency likely to be
caused by the ineffective acylation, as most of the deletion is
amino acid and not sequence specific. Major byproducts are
not considered to be responsible for aggregation, as
unsatisfactory acylation conversion would be detected
regardless of the type of the amino acid and dependent on
the primary sequence. In the case of on-resin peptide
interaction systematic coupling inefficiencies would appear
on the Fmoc-cleavage area plot as consecutive deviation from
the trendline (Fig. 4). This highlighted the need for a
different coupling protocol for protected amino acids that are
larger (protocol e), but this method might not solve the
possible acylation inefficiencies caused by on-resin peptide
chain interactions. Based on the results and conclusions of
the oligotuftsin synthesis series (Fig. 2), the production of
the different fold types other than α + β (BPTI) was expected
to be more challenging because the selected domains are not
proline-rich around the N-terminus (40+ couplings). The less-
than ideal number and placement of proline residues in the
other protein domains suggests that they are likely to be
more prone to aggregation and thus more difficult to
produce. This presumption is also supported by Peptide
Companion, an empirical software program designed to
predict coupling difficulties in a peptide sequence (Fig.
S4†).52

Fig. 3 The main product yields of the OT(P)x, -[TKPKG]k-, synthesized
by SPF protocol a as a function of the polypeptide length, OT(P)20–
OT(P)80: orange line. Red dashed line indicates the established linear
correlation based on OT(P)20–OT(P)50. Pearson correlation
coefficient, R2 = 0.969. Improved main product yield for OT(P)50e–

OT(P)80e (blue line) using protocol e, when coupling both Lys and Pro
residues. OT(V)50e–OT(V)80e main product -[TKVKG]10<k<16- yields
(green line) using protocol e, when coupling Lys residues.

Table 3 Selected parameters of the BPTI SPF synthesis. Protocols a to e fine-tune the SPF parameters applied for coupling of R, K, Q, N, E and P
residues. All other residues were coupled according to protocol a)

# Protocol Residence time: tR (min) Concentration: c (M) Flow rate: v (ml min−1) Equiv. Time (h) Crude yield (%)

1 a 1.67 0.11 0.6 3 7.4 49%
2 b 0.83 0.2 0.6 3 7.4 59%
3 c 1.67 0.2 0.6 6 7.4 63%
4 d 3.34 0.11 0.3 3 8.6 61%
5 e 1.67 0.2 0.3 3 8.6 62%
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On-resin aggregation can interfere with the free N-
terminals, making coupling challenging.32–35 To avoid
peptide aggregation in SPPS, the use of chaotropic agents has
been suggested in peptide chemistry protocols, namely urea,
guanidine hydrochloride, DMSO, n-propanol, SDS, lithium
perchlorate.38,39 To verify that aggregation was indeed the
cause of the unsatisfactory conversion of the acylation step,
each of the 4 selected systems was synthesized in DMF both
without and with the addition of denaturing agents. We used
the optimized conditions from the synthesis of BPTI:
protocol e for R, K, Q, N, E, P and protocol a for the rest of
the amino acids. Instead of using solid chaotropic agents
(e.g. urea), we decided to use co-solvents. The solid
denaturants must be used in high excess, which would
increase the viscosity of the solution and result in slower
diffusion rates and it has the potential for crystal formation
and consequently occlusion of the system which would result
high back pressures, thus we avoided their use. We
introduced both DMSO and MeCN as chaotropic solvent
additives at 25 V/V% amount to DMF.

In the case of BPTI, when chaotropic solvent additives are
applied, changes can be observed in the chromatograms of
the raw materials compared to those synthesised in DMF
alone (Fig. 6), but to a lesser extent compared to the coupling
optimization of the bulky amino acids (Fig. 5). This is
consistent with our assumption that no systematic
aggregation occurs during the synthesis of BPTI. As expected,
the crude products of SH3 and Z(Aβ3) show more
contamination compared to BPTI, and the effect of DMSO
and MeCN is more pronounced. A larger area of
contamination peaks disappears from the chromatogram
(Fig. 6). While the synthesis of BPTI, Z(Aβ3) and SH3 in the
absence of chaotropic agents resulted in raw materials in
which the main peak is the target molecule, the synthesis of
human ubiquitin did not, as the target molecule could not be
characterised by LC-MS analysis. DMSO and MeCN showed a
significant positive effect on the purity of the raw material
with the appearance of the molecular ion peak, showing that
the main cause of the lack of acylation is indeed the
formation of aggregates on the resin. This is further

Fig. 4 The Fmoc-cleavage area (see text and Fig. S2†) changing as a function of the primary sequence, recorded for the synthesis of BPTI, using
protocol a (brown dots). The synthesis of BPTI was repeated using protocol e (green dots) for the highlighted amino acids only. Note that the
Fmoc-cleavage area (%) increases when protocol e is used, making the overall trend more “linear”. The systematic decrease of the Fmoc-cleavage
area is thought to be the result of resin leakage.

Fig. 5 a) RP-HPLC chromatogram of the crude BPTI synthesized with protocol a (Table 3/1): c = 0.11 M, tR = 1.67 min, T = 80 °C, v = 0.6 ml min−1.
b) RP-HPLC chromatogram of the crude BPTI synthesized with the optimized protocol e (Table 3/5): c = 0.22 M, tR = 1.67 min, T = 80 °C, v = 0.3
ml min−1. The major peaks correspond to the target molecule. The significant reduction in by-product formation can be attributed to the change
in coupling protocol for the specified amino acids (R, K, Q, N, E, P) from protocol a to protocol e.
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supported by the pressure change on the column and the
acylation conversion (or change in Fmoc cleavage area)
calculated from the UV detector data (Fig. 7) when
synthesised without denaturant (as the peptide chain grows,
an increase in pressure is expected in a fixed volume reactor
such as ours, as there is no room for the resin to swell
further). Along with aggregation, a decrease in the pressure
rise trend is expected and, of course, a negative change in

the Fmoc cleavage area. Our data suggest that aggregation
begins around the 66th coupling in the production of
ubiquitin, as there is a significant deviation from the trend
line for both the pressure change and the change in Fmoc
cleavage area (Fig. 7).

The raw materials were purified on a conventional
preparative RP-HPLC column. The purifications of 100 mg of
raw material yielded good results for BPTI (8 mg before and 4

Fig. 6 The positive effect of chaotropic additives used in the synthesis of the 4 protein domains. RP-HPLC chromatograms of the crude products
using protocols a and e with DMF/DMSO (3 : 1) or DMF/MeCN (3 : 1) solvent mixtures versus pure DMF. Protocol e was used only for the following
residues: R, K, Q, N, E, P (note that the couplings/amino acids are numbered from right to left according to the SPPS direction as opposed to the
conventional notation). As mentioned above, coupling starts to be a challenge after 40+ residues, where the pro-residues could be of help. These
“problematic regions” are framed and all prolines within these critical regions are highlighted in red. The MWs of the protein domains are shown in
Table 1.
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mg including cyclization), and modest results for Z affibody
(5 mg) and SH3 (6 mg), with several byproducts detected by
the MS. In conclusion, both DMSO and acetonitrile adjuvants
have a positive effect on the total synthesis of protein
domains, and this improvement in synthetic efficiency
becomes more pronounced as the length of the polypeptide
chain increases, especially beyond 40 residues.

Conclusion

The circumstances of SPF synthesis, such as the presence of
side-chain protected amino acid residues, aprotic solvent(s),
higher temperature (80 °C) and elevated pressure (50–80 bar),
differ from physiological conditions. In this altered molecular
environment, protein domains are not expected to adopt
their native 3D fold. However, even under these altered
conditions, the amide bonds of the polypeptide chain

interact with each other, forming H-bonds and forming an
ensemble of more or less compact nanostructures and/or
aggregates, creating undesirable conditions for N-terminal
amino group acylation. Our aim was to optimise our SPF
system, but with both economic (≤3 reagent equivalents) and
environmental (≤6 ml solvent per cycle) aspects in mind.

First, we started this work by synthesising oligotuftsin, a
polypeptide with a repeating sequence pattern of five amino
acids, to see how many amino acids we could comfortably
couple if secondary structure-like aggregation was prevented
by homogeneously distributed high (secondary structure
breaker) Pro residues. We showed that our system could
easily build chains of 80 amino acids. We then swapped the
prolines for valines to allow a higher degree of aggregation
and indeed, a loss of purity was observed. It was concluded
that ∼50 amino acid long peptides can be rapidly synthesised
even in the absence of Pro residues.

Fig. 7 Pressure a) and Fmoc cleavage area b) as a function of primary sequence during the synthesis of human ubiquitin when no chaotropic
agents are added to the solvent. Protocol e was used for R, K, Q, N, E, P and protocol a for the other amino acids.
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Second, using BPTI as a model system, we investigated
the differences in coupling efficiency with respect to
different types of residues and found that large and bulky
amino acids are the ones that require special conditions
during coupling. By controlling the residence time, these
conditions could be fine-tuned without increasing the
amount of excess reagents beyond 3 equivalents, making
our SPF approach more economical and a step closer to
being sustainable.

Third, we carried out synthesis of representative small
protein domains of α-, β-, α + β- and α/β-fold each of about
65 ± 10 amino acids in length. Our data suggest the number
of prolines and their sequential distribution, complemented
by the length of the primary sequence are the key
determinants of success. We were able to produce raw
materials in which the main product was the target molecule,
although their contamination profile is not ideal. From the
UV and pressure data collected during the synthesis of
ubiquitin, we conclude that aggregation does indeed occur
during the final acylation steps of synthesis, starting around
the 66th amino acid. The use of secondary structure-breaking
solvent additives, such as DMSO and MeCN, is beneficial in
solubilising the growing polypeptide chain. In this way,
ubiquitin was produced overnight in less than 11.5 hours,
with modest purity.

We have shown that our SPF system can generate
domains up to ∼60 amino acids in length, independent of
their native structure, using DMSO and MeCN as chaotropic
agents, although there is a much room for improvement.
Sequences of up to ∼80 amino acids can be synthesised
using our SPF methodology if they are proline rich.
However, if the number of Pro residues is low and the
primary sequence is too long (longer than 80–90 residues),
we are likely to encounter considerable difficulties in
completing the synthesis. Although, the purified domains
contain truncated sequences, they may be of significant use
for example in assay experiments. Of course, these
limitations can be overcome using tens to hundreds of
times the amount of reagents, but we reject this approach.
Instead, we aim to find alternative synthetic solutions. One
of which is the use of Thr[ψ(Me,Me)Pro] and Ser[ψ(Me,Me)
Pro] residues to mask Thr and Ser respectively.44,47 Similar
to native Pro residues, pseudo-prolines also introduce
backbone kinks. Recently, also using SPF protocols, we have
been able to incorporate pseudoprolines as monomeric
building blocks almost as effectively as any other
proteinogenic residue. Another one would be the use of a
reactor that can change its dimensions during synthesis,
allowing the resin to swell, facilitating the diffusion of
reagents and allowing the use of resins with greater swelling
volumes, such as ChemMatrix.22

As protein- and peptide-based drugs become increasingly
important, it is vital that they can be synthesised in an
economically and environmentally efficient manner. Our SPF
methods appear to provide an ideal background for the
design of such synthetic protocols.
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c Concentration
v Flow rate
CF-SPPS Continuous flow solid phase peptide synthesis
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n Amount of substance
NCL Native chemical ligation
NMM N-Methylmorpholine
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OT(P)5 -(TKPKG)- oligotuftsin pentapeptide
OT(V)5 -(TKVKG)- oligotuftsin P3V pentapeptide
PEG Polyethyleneglycol
PS Polystyrene
RP-HPLC Reversed-phase high-performance liquid

chromatography
SDS Sodiumdodecylsulphate
SPF Smart peptide chemistry in flow
TFA Trifluoracetic acid
TG TentaGel
TIS Triizopropylsilane
tR Residence time
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