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Abstract:
Flow-based approaches to solid phase peptide synthesis (SPPS) have been pursued since the method’s early days, with

anticipated gains in Speed, reaction monitoring, and ease of antomation. Here, we discuss how these advantages are being
realized by synthesis at elevated temperature, facilitated by a ‘prebeat/ activation’ loop. This important modification both
accelerates peptide synthesis—providing a wealth of new data from in-line monitoring—and in conjunction with an
optimized protocol, exctends the length of peptides routinely accessible by stepwise synthesis. Streamiined synthesis of longer
peptides will address a major challenge in chemical protein synthesis: preparation of peptide segments for use in chemical
ligation. The context of recent results in flow-based SPPS is discussed, highlighting remaining challenges and future
opportunities.

1 Introduction
Chemical synthesis is an established means of preparing protein-like molecules comprising non-
canonical amino acids and chain topologies.!"! Modern chemical protein synthesis generally employs

‘chemical ligation’,*”

the assembly of protein chains by chemoselective reaction of shorter,
unprotected peptide segments containing unique, mutually reactive functional groups. As reviewed
elsewhere, the chemical ligation approach leverages both the utility of stepwise solid phase peptide
synthesis (SPPS) for obtaining the requisite peptide segments (typically <50 amino acid residues), and
considerable know-how regarding their characterization and handling!*”. It has been argued that since
the advent of chemical ligation, preparation of unprotected peptide ‘building blocks’ by means of

stepwise SPPS has become the principal bottleneck to chemical protein synthesis in practice.!**

In the context of modern protein synthesis, SPPS receives little attention compared to refinements in
ligation techniques.!”! Perhaps the focus on ligation chemistries can be attributed to their outsized
impact on protein synthesis, and the desire of researchers to stay ‘at the forefront’. Figure 1A illustrates
the impact of chemical ligation, which was to extend the practical size limit of homogeneous synthetic
peptides into the realm of protein domains (reproduced from [4]). In contrast, SPPS dramatically
reduced the labor associated with peptide synthesis, but did not significantly extend the length of
peptides that were routinely accessible in homogeneous formP. Considerable effort has gone into
optimizing SPPS as currently practiced, and given the mature state of the method, it may be presumed
that further advances are unlikely.



A) Developments in peptide synthesis B) Developments in stepwise SPPS
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Figure 1 Development of peptide synthesis in the past century. (A) Correlation between the length of synthetic
peptides routinely accessible (in amino acids, AA), and important milestones in peptide synthesis. From P. E. Dawson,
S. B. H. Kent, Annu. Rev. Biochem. 2000, 69, 923-960 [4]. Modified with permission from the corresponding author,
reprinted with permission from Annual Reviews. The date 1906 corresponds to publication of Fischer's
“Untersuchungen U(ber Aminoséuren, Polypeptide und Proteine”[8]. For a discussion of the history of peptide
chemistry, see [9](B) Correlation between the length of synthetic peptides routinely accessible by stepwise solid phase
synthesis (SPPS), and select historical developments. Other important developments, excluded for clarity, include
backbone protection and microwave heating [10]. This is a concept figure, intended to convey the relative impact of
new methods on the length of synthetic peptides routinely accessed.

Flow chemistry is a substantively different approach to conventional SPPS that is attracting renewed

interest, and is poised to impact chemical protein synthesis.!"""?

I Historically, interest in flow-based
SPPS focused on the prospects of automation, reduced reagent consumption and suitability for real-
time monitoring. More recently, the potential of flow-based synthesis to facilitate synthesis at elevated

temperature was realized.>"

I Use of a heated ‘activation loop’ and reactor facilitates SPPS at elevated
temperatures, while maintaining precise control over the conditions of amino acid activation for
peptide bond formation.") Recent applications of this approach focused primarily on the acceleration
of fluorenylmethoxycarbonyl (Fmoc)-chemistry SPPS. Could flow-based synthesis at elevated

temperature also facilitate the synthesis of longer chains (Figure 1B)?

In this review, we highlight recent work that tests the limits of flow-based Fmoc-chemistry SPPS for
the stepwise synthesis of single-domain proteins,'” and the historical background necessary to place
this work in context. We examine the origins of flow-based SPPS, especially with respect to their
motivation and the challenges faced by early adopters, and identify the use of elevated temperature as
a recent advance with considerable potential for impact. Temperature facilitates both sequence-
dependent ‘difficult couplings’ and rapid synthesis, which in conjunction with real-time quantitative
monitoring will drive further improvements in methodology using large-scale datasets. Early results



suggest that optimized flow-based SPPS at elevated temperature also extends the size of synthetic
peptides routinely accessible by stepwise synthesis, with significant implications for chemical protein
synthesis. Future directions for flow-based SPPS are also discussed.

2 Early developments in SPPS under continuous flow conditions

2.1 Advantages in principle
It was realized early on that SPPS would be facilitated, and its automation simplified, if the solid
support were fixated in a reactor — historically referred to as “column”, because initially HPLCs and

1% 'The removal of excess reagents by flow

HPLC columns were re-purposed for flow-based SPPS.!
washes is faster and more efficient, which shortens the overall synthesis time. Additionally, flow could
minimize reagent usage, by reducing the dilution effect that necessarily occurs when reagents are added
batch wise to a swollen resin."”! Hence, a narrow “coupling components band” would result in a high
concentration of reagents in the resin bed, facilitating rapid coupling kinetics. Motivated by some of

these considerations, a number of research groups pursued the development of flow-based SPPS.!""*"

22]

Beyond practical considerations, continuous delivery and removal of reagents in flow offers multiple
chemical advantages. For example, continuous flow provides a means to leverage reactive/transient
intermediates by their continuous delivery to a reactor (flash chemistry),”” and to reduce exposure of
reactor contents to reactive by-products by their continuous removal. In addition, heat transfer is
facilitated. As discussed below, these capabilities have been leveraged for flow-based SPPS only
recently.

2.2 Compatibility with solid supports:

Early adopters of flow-based SPPS expressed concern regarding its compatibility with existing solid
support resins. For example, Bayer anticipated that polystyrene resin was unsuitable for use in flow-
based zerr-butyloxycarbonyl (Boc)-chemistry SPPS, due to its differential swelling under conditions of
coupling vs. Boc removal."”l This anticipated issue was avoided by the use of a non-swelling, silica-
based support. A different solution was devised by Erickson, who employed polystyrene resins in
conjunction with modified Boc removal conditions to minimize changes in swelling”'. In Fmoc-
chemistry SPPS, swelling changes are avoided altogether by the use of a single solvent (IN,N-
dimethylformamide, DMF) throughout—but even here, issues arose that were attributed to the
poly(dimethylacrylamide) solid support. Sheppard wrote: “On occasions, a previously stable flowing
column would begin to compress and shrink in size, ultimately to a volume less than that of the dry
unswollen resin. At the same time there was an associated steep rise in pressure”.* As a solution,
kieselguhr-supported polyacrylamide was developed to facilitate flow-based SPPS under conditions of

low pressure.”™

In retrospect, it is difficult to establish with certainty the exact cause of high backpressure observed in
some early flow-based SPPS applications. However, it is clear that polystyrene resins are not inherently
incompatible with flow-based SPPS, since they have since been used by a number of groups in a variety



> Undesired backpressure could result from a variety of causes, including the presence

of contexts.
of fine solids in reagents or resin samples, and due caution must therefore be taken to remove these
contaminants before use in flow systems. At present, polyethylene glycol (PEG)-based ChemMatrix
(CM) is a popular solid support for use in flow-based SPPS,!""! but others could presumably be used
provided fines are removed. In this context, it could be interesting to re-evaluate the microparticulate,

19,28]

mono-sized resin beads originally developed to reduce diffusion time in flow-based SPPS,"”* since

the majority of synthesis time in recent approaches is spent on washing.!'”

2.3 Time resolved monitoring of Fmoc-chemistry SPPS

Flow chemistry also allows for non-destructive in-line analysis and therefore provides valuable
information on coupling efficiencies and changes in mass transfer.”” Noteworthy, Sheppard reports
that the prospect of real time analytical control was one of the biggest motivations to enter the field
of flow chemistry.”" In-line deprotection (dibenzovulvene)-analysis enabled continuous measurement
of ultraviolet (UV) absorbance in Fmoc-based flow synthesis for reaction analysis. In a typical flow
synthesis set up (Figure 2A), synthesis solutions were delivered from one or more pumps and
transferred to the reactor before consumption of the coupling solution was monitored by in-line
Ultraviolet—visible (UV—Vis) spectroscopy.”!! The synthesizer was kept at room temperature and
coupling solutions were circulated through a “recycling loop” until coupling was complete. In
continuous flow peptide synthesis, spectroscopic monitoring of the reagent stream gives a time-
dependent elution profile. During the deprotection step, the integral and peak shape of the
dibenzofulvene was used early on to gain information on so-called “difficult couplings”. The general
broadening and flattening of the peaks, which indicates slower deprotection times potentially due to
decreased mass transfer, corresponds directly to internal aggregation.” Erickson noticed that “in
principle, such monitoring data could serve as the information needed for real-time feedback control
of an automated continuous-flow synthesizer”.”"! Notably, the general concept of feedback in flow for
autonomous process optimization is a concept that has only recently reached its full potential.”"

Pressure monitoring can be used to investigate resin volume changes, often referred to as
“Swellographics”. A correlation of aggregation and resin volume changes was reported multiple times

[32,33

in the literature.”” To monitor these events in flow, a reactor was developed which adjusted to the

volume of the resin by a tightly sealed moving piston. The piston was pressurized by a controlled force

%I Rodinov and co-workers compared the synthesis of

and real-time swelling behavior was recorded.!
several aggregating and non-aggregating peptide syntheses using Fmoc- and Boc-chemistry SPPS.PY A
linear relationship between the swelling volume changes and the molecular weight change of the resin-
bound peptide was determined for non-aggregating peptides, as previously also reported by Merrifield
and co-workers.” For aggregating peptides they observed significant shrinking of the resin. In 2019,
Seeberger and co-workers reported on a similar reactor, albeit with an improved synthesis setup.t”
Using parallel pressure- and UV-monitoring they experimentally validated a clear correlation between

in-line UV analysis and volume changes of the resin upon aggregation.

2.4 Instrumentation



In addition to customized set ups described above, multiple flow-based synthesizers were
commercialized in the early 1980s and the technology became accessible to a broader community —
notably all systems were based on Fmoc-chemistry SPPS. Details on these machines are described
elsewhere and we will therefore only briefly describe timelines and technological advancements.” The
first two instruments, the PEPSYNthesizer I from Cambridge Research Biochemicals (CRB) and the
Model 4175 from LKB Biochrom, came on the market in 1983. These synthesizers were manual
instruments, although the potential for automation of flow-based SPPS was noticed early on. It was
therefore no surprise, that CRB’s first semiautomated system PEPSYNthesizer II was already
commercialized two years later and served as the basis for the first fully automated 9020
PepSynthesizer by MilliGen. The total synthesis time per coupling and deprotection cycle was 57
minutes and the instrument was already able to synthesize up to three peptides in parallel. In the same
year, LKB also developed an automated flow synthesizer (the Biolynx Model 4170), which was later
sold by Novabiochem. In 1996, PerSeptive Biosystems commercialized the “Pioneer”. The synthesis
scale could be adjusted between 0.020 and 2.0 mmol and amino acids were stored as dried powders
before the activator (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexatluorophosphate, HATU) and base (IN,N-diisopropylethylamine, DIEA) were added prior to the
coupling and recycling step.

2.5 Summary and conclusions

Flow-based SPPS was developed from the simple idea to develop “synthesis in columns™” to fully
automated commercially available synthesizers,” which allowed for in-line reaction monitoring and
precise control of reagent parameters (Figure 2A). However, the instruments operated at room
temperature, and used recycling loops to recirculate amino acid reagents until reaction completion.
These designs conserved reagents, but missed other advantages of the flow approach, including the
potential to: 1) achieve maximal reagent concentration within the solid support; 2) extend coupling
time independently of activation time, by in-line activation; and 3) control heat transfer. In the next
section, we discuss how some of these advantages are incorporated in flow-based instruments that
utilize a ‘preheat/activation loop’ to facilitate SPPS at elevated temperature (Figure 2B).
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Figure 2 Automated synthesizer set ups. (A) Synthesis set up reported by Erickson and co-workers [21].
All reagents are delivered via a single pump, UV traces are recorded in-line and coupling solutions are
circulated via a recycling loop; (B) Overview of the automated fast-flow peptide synthesizer (AFPS) build
in the Pentelute group. Reagents are delivered via three pumps and activated in one of three heated
preheat/activation loops and coupled in a heated reactor, UV traces are recorded in-line[12].

3 Recent advances and developments

3.1 Flow-based SPPS utilizing a preheat loop

In 2014, the Pentelute group reported on a manual ‘fast-flow” SPPS protocol that significantly
accelerated flow-based SPPS by means of a heated pre-heat loop and reactor.”” They reasoned that if
amide bond formation under typical SPPS conditions is complete in less than 2 min and the reaction
rate doubles for every 10 °C increase in temperature, the reaction should be completed in under 10 s
at 60 °C. Pentelute and co-workers therefore developed a manual flow chemistry set up that delivered



reagents and solvents through a preheated activation loop to the heated reactor containing the solid
support. While the activated ester, which is prone to by-product formation such as epimerization, is
formed under highly controlled micro-flow conditions in the pre-heat loop, the resin is located in a
tube-like reactor with a 1.27 cm inner diameter (total reactor volume = 2 mlL.), which is in a meso-flow
regime. This set up locally separates active ester formation and peptide coupling and therefore prevents

[13,39

by-product formation and degradation of reactive intermediates.">”” With this procedure, coupling,
deprotection and washing times were significantly shortened and a full cycle was completed within
3 min. As discussed below (‘Related research areas and future directions’), the gain in speed achieved
by ‘fast-flow’ synthesis is accompanied by an increase in reagent consumption (10 equivalents of amino
acid per coupling cycle here, vs. 4-5 equivalents for manual synthesis). If coupling time is extended,
flow rate increased, or the synthetic scale reduced (for example, when using solid supports of reduced

loading), reagent excesses could be increased further.

Preheat/activation loops have since been employed in a number of other custom flow-based SPPS set
ups. The Gordon group designed a “rudimentary system” with a similar design as the manual flow set
up and screened key parameters such as resin matrices, temperatures, flow rates, coupling reagents,
bases, and coupling solution concentrations with the goal of establishing a low cost system with
minimal consumption of materials.*” In addition, Seeberger and co-workers built a similar flow-based
synthesizer and included a variable-bed reactor (described above).””!

3.2  Automated flow-based SPPS (AFPS)

Based on their manual flow set up, Pentelute and co-workers developed an automated ‘fast-flow’
peptide synthesizer (AFPS), which showed significant improvements with respect to temperature
control, fluid handling and reproducibility. Briefly, the system contains three High-performance liquid
chromatography (HPLC) pumps (Figure 2B): pump 1 (20 mL/min) is assigned to coupling agents,
deprotection solution and solvent. An identical pump (pump 2) is dedicated to amino acid stock
solutions and solvent. These two pumps are connected to multiple stock solutions and can be selected
via a software-controlled system of valves (represented by V1 and V2). In addition, pump 3
(2 mL/min) is dedicated to the coupling base and is only pumping reagent during the coupling step.
All solutions are pumped through tubing of equal length to a fluid mixing valve. After passing a mixing
loop, activation takes place in one of three heated activation loops. The solution is then passed through
the resin in a disposable PEG syringe, which is embedded in a heated reactor. The fluid is monitored
via an in-line UV—Vis detector before it is discarded. The entire system is controlled via LabView
software and allows for easy monitoring of all critical parameters (e.g. pressure and temperature).
Synthesis data including time-resolved Fmoc-deprotection data (from the UV-Vis detector) is
collected and stored during every synthesis step. In contrast to previous flow-based peptide
synthesizers (Figure 2A), this set up contains two major modifications: (a) three pre-heated activation
loops, which allow for tailoring of the activation conditions, (b) a disposable, small volume reaction
vessel which allows for simplified handling of the resin and allows for rapid addition and removal of
all reagents.

Automation and additional increase in temperature further accelerated the process and enabled the
synthesis of a 30mer in less than 30 minutes of synthesis time. Multiple peptides in the size range of



30 amino acids were synthesized and crude peptide purities and yields were comparable to standard
batch SPPS. Coupling of cysteine and histidine, two amino acids at a particularly high risk for
epimerization, was thoroughly investigated and optimized. The content of D-amino acid was
dependent on the protecting group, temperature and flow rate (and therefore the activation time) and
independent of coupling agent (HATU/(7-azabenzotriazol-1-yloxy)trispyrrolidinophosphonium
hexafluorophosphate, PyAOP) and total coupling cycles.">'* Activation of Fmoc-Cys(Ttt)-OH and
Fmoc-His(Boc)-OH with PyAOP at 60 °C through a shorter 5 preheat-activation loop resulted in
minimal D-amino acid content. In addition, synthesis on the AFPS showed an improvement for the
synthesis of “difficult peptides”, which can likely be attributed to the high synthesis temperature. In
this initial report, the Pentelute group demonstrated that their AFPS enables remarkably fast synthesis
of peptides with equal quality as batch and microwave procedures. However, the question if AFPS
may be optimized to deliver longer peptide sequences remained unaddressed.

33  Optimized AFPS

Initially, AFPS was developed with the aim to accelerate peptide synthesis.!'>"

I More recently, the
resulting gains in speed were leveraged to optimize synthetic protocols.!” This process was carried out
in stages—first by replicating syntheses of glucagon-like peptide-1 (GLP-1) and growth hormone—
releasing hormone (GHRH) peptides, using crude product profiles as readout—and then by synthesis
of a wider range of peptides, using in-line UV—Vis monitoring to infer coupling yields obtained under
different conditions. Some improvements suggested by the first round of experiments are unique to
AFPS, such as the use of reduced flow rates to minimize pump cavitation, and the use of 90 °C for
reagent activation in the ‘preheat/activation’ loop. Others are more generally applicable, and include
the use of high-purity reagents, high concentrations of amino acid active esters for coupling, and
‘buffered’ piperidine solutions for Fmoc removal (‘Optimized AFPS in context’, below).

Perhaps most interesting are the amino acid-specific coupling conditions suggested by the study of
hundreds of individual coupling yields. As discussed below (‘Optimized AFPS in context’),
accumulating data support the notion of residue-specific coupling efficiencies in AFPS,; and the
effectiveness of residue-specific conditions to minimize them. Amino acid-specific conditions
suggested by the original work include: extended coupling times for Fmoc-Ser(tBu) and Fmoc-Ala,
and extended coupling time combined with PyAOP activation for Fmoc-Cys(Trt), Fmoc-His(Boc),
Fmoc-Asn(Trt), Fmoc-Gln(Trt), Fmoc-Arg(Pbf), Fmoc-Thr(tBu), and Fmoc-Val. The combined
effect of optimized parameters on the synthesis of GLP-1 is shown in Figure 3.
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Figure 3 Automated fast-flow peptide synthesis optimization with respect to chain length and
total synthesis time. Depicted are the starting point and the end point for the optimization process,
here showcased for GLP-1 (30 amino acids). All concentrations are given for the stock solutions and
are not final concentrations. Syntheses on the AFPS are performed on ~0.10-0.02 mmol scale. All
stock solutions are diluted according to figure 2. Reproduced with modifications from [14]. From N.
Hartrampf, A. Saebi, M. Poskus, Z. P. Gates, A. J. Callahan, A. E. Cowfer, S. Hanna, S. Antilla, C. K.
Schissel, A. J. Quartararo, X. Ye, A. J. Mijalis, M. D. Simon, A. Loas, S. Liu, C. Jessen, T. E. Nielsen,
B. L. Pentelute, Science 2020, 368, 980-987 [14]. Modified with permission from the corresponding
author, reprinted with permission from AAAS.

3.4 Protein Synthesis by optimized AFPS

Could an optimized flow-based protocol extend the general utility of stepwise synthesis for accessing
full-length protein chains? Full-length proteins have occasionally been prepared by stepwise SPPS,
including flow-based SPPS (for selected examples, see references [41-47]), and the resulting synthetic
products have proven useful for structure-function and high-resolution structural studies./* *’
However, expert opinion holds that stepwise synthesis is not an effective means of preparing peptides
beyond 40-50 residues in length as single, defined covalent species.I*” This limitation is due to the
statistical accumulation of low-level co-products that occurs even with optimized protocols (<0.1%
side products/cycle; ‘Optimized AFPS in context’, below), and is what motivated the development of

chemical ligation as a means to access synthetic proteins in homogeneous form.

Recently, we tested the optimized AFPS protocol in the synthesis of nine protein chains. The synthetic
targets spanned 86—164 amino acids in length and included historically significant targets such as



human proinsulin, the human immunodeficiency virus-1 (HIV-1) protease, and human lysozyme.!*
The homogeneity of crude synthetic products varied, but in general show that AFPS furnishes
synthetic peptides in higher purity than conventional Fmoc SPPS, on a considerably faster timescale
(~2.5 min/cycle here vs. ~1 h/cycle standard). Analytical data for crude HIV-1 protease ate shown in
Figure 4. A sequence nearly identical to one previously studied by stepwise synthesis gave considerably
cleaner crude material, qualitatively similar to that obtained by optimized Boc SPPSP”. With the gains
in speed achieved by AFPS, it should be feasible to significantly expand empirical data for syntheses
of longer chains, and to define in more quantitative terms the outcomes of SPPS near its practical
‘upper bound’ (for example, as a distribution of crude analytical purities vs. chain length).
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Figure 4 Crude analytical HPLC traces of two HIV-1 proteases prepared by AFPS. A) HIV-1 protease, from
Servais et al. [15] B) HIV-1 protease, from Johnson et al. [16], based on a sequence previously accessed by
stepwise Boc synthesis [38f] The two sequences have 85% similarity. Reproduced with modifications from the
supporting information of [14]. ‘Nle’ denotes norleucine; ‘Abu’ denotes 2-aminobutyric acid. MS spectra were
integrated over the entire peak area. From N. Hartrampf, A. Saebi, M. Poskus, Z. P. Gates, A. J. Callahan, A.
E. Cowfer, S. Hanna, S. Antilla, C. K. Schissel, A. J. Quartararo, X. Ye, A. J. Mijalis, M. D. Simon, A. Loas, S.
Liu, C. Jessen, T. E. Nielsen, B. L. Pentelute, Science 2020, 368, 980-987 [14]. Modified with permission from
the corresponding author, reprinted with permission from AAAS.

AFPS could considerably reduce the time and labor associated with chemical protein synthesis, either
by furnishing full-length protein chains directly, or by facilitating the synthesis of peptide segments for
use in chemical ligation. In general, we believe that stepwise synthesis and chemical ligation can be
viewed as complimentary approaches to the chemical synthesis of small proteins. Chemical ligation is
inherently convergent, and in principle more efficient with respect to material yield, whereas stepwise
synthesis avoids intermediate isolation steps and is thus more efficient with respect to time. Likewise,

chemical ligation provides the opportunity for analytical characterization and purification at the stage



of peptide segments, whereas for stepwise synthesis, characterization and purification are performed
on the final product only. Depending on one’s application, one or the other approach may be more
appropriate. For any work in which chemical protein synthesis is a significant focus, best practices for
the characterization of synthetic products should be followed.""!

Two independent syntheses of barnase, carried out in the same laboratory, enable a comparison of the

1452 The convergent approach involved chemical ligation

linear and convergent strategies in practice.
of four peptide segments (Figure 5A). For each segment, manual flow-based synthesis was carefully
optimized with respect to coupling agents, backbone protecting groups and resin. In contrast, linear
synthesis by AFPS gave the desired product directly, using the generic optimized procedure (Figure
5B). The two routes yielded comparable amounts of full-length barnase samples (3% for the ligation
route, starting from crude peptide segments; 2% for the stepwise route), which upon refolding
exhibited similar activities relative to recombinant barnase (89% vs. 84% for the ligation vs. stepwise
routes, respectively). These results parallel a comparison between ligation and stepwise SPP approaches
to the 51-residue turkey ovomucoid third domain,” and suggest that stepwise synthesis may be a
viable route to small proteins of adequate purity for many applications. Additional comparative studies
of this type could help to clarify possible material differences in synthetic protein samples obtained by

the two approaches, and would ideally employ an even wider range of analytical techniques.
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Figure 5 Comparison between a convergent and a linear approach for the flow-based synthesis of barnase
(110 AA). A) barnase was prepared from four fragments using three ligation steps and four additional chemical
manipulations. Reproduced with modifications from [41]. B) barnase was synthesized using a stepwise
approach. No additional chemical manipulations or ligations were required. Additional protein examples,
which were synthesized by the same approach, are depicted below — along with their synthesis times [41].

4 Optimized flow-based Fmoc SPPS in context
Historically, SPPS required significant optimization to reach its potential.”* In this section, we briefly
discuss lessons learned from this broader context, and their relevance to optimization of flow-based



Fmoc SPPS, which we discuss in greater depth. In parallel, we show how rapid flow-based synthesis is
already generating new data that supports and extends our understanding of SPPS more generally, and
could drive further progress—both for specialized flow-based instruments, and more conventional
practice.

4.1 Optimized Boc SPPS

Prior to the 1980s, chronic side reactions limited the scope of Boc-chemistry SPPS to chains of ~30
residues or smaller. These side reactions—including trifluoroacetylation, serial residue ‘deletions’, and
chain termination—accounted for 4-5% per cycle, occurred independently of sequence, and were
reduced to less than 0.1% by the use of optimized protocols.”>**" Minimization ot elimination of
chronic side reactions, along with the identification of dimethylformamide and neat trifluoroacetic acid
as effective solvents for reducing the occurrence of ‘difficult couplings’ (below), resulted in a highly
effective Boc-chemistry SPPS protocol. In ideal cases, optimized stepwise Boc-chemistry SPPS could
be used to prepare peptides corresponding to single-domain protein molecules, such as HIV-1

protease.”

Many of the lessons learned from the successful optimization of Boc-chemistry SPPS apply equally
well to the Fmoc approach, including flow-based Fmoc SPPS. These lessons include the use of solid
support resins free of extraneous chemical functionalities, high concentrations of amino acid active
esters during coupling, high-purity reagents, and DMF as solvent. As expected, many of these
considerations improved the performance of automated flow-based Fmoc-SPPS.I"! In addition, Fmoc-
chemistry SPPS presents challenges not common to Boc-chemistry. These include the formation of
aspartimide side products during Fmoc deprotection by piperidine, and the exacerbation of ‘difficult
couplings’, which would be otherwise minimized by use of trifluoroacetic acid in Boc-chemistry SPPS.

4.2 ‘Difficult couplings’

Assuming that chronic side reactions have been eliminated, sequence-dependent incomplete peptide
bond-forming reactions—so-called ‘difficult couplings—are the greatest impediment to high-fidelity
SPPS. Non-random ‘difficult couplings’ generally occur 10-15 residues from the protected peptide C-
terminus, occur for roughly one out of five peptides, and are defined by a series of incomplete coupling
reactions which are not significantly affected by repeat coupling treatments.” The proposal that
‘difficult couplings’ are caused at the molecular level by the formation of zntermolecular H-bonded
a.ggregate5[57,59,60
observations surrounding ‘difficult couplings’ have not been systematically expanded.

I is generally accepted.’’! However, since the original work, the basic empirical

Accelerated SPPS provides an opportunity to examine the occurrence of ‘difficult couplings’ during
the synthesis of a larger number of peptides than would otherwise be practical, and to refine our
understanding of the phenomenon. In Figure 6 we illustrate the onset of ‘difficult couplings’
encountered during AFPS of neatly 400 distinct 2030 residue peptides, documented in recent work."”
‘Difficult couplings’ were identified by spectroscopic monitoring of Fmoc deprotection, considering
both the integrated UV absorbance (proportional to the yield of the previous coupling) and the UV
peak width (which increases upon chain aggregation).



Based on the spectroscopic definition, ‘difficult couplings’ occurred with greater frequency than
documented previously (~50% of 20-mer peptides'®™, vs. ~20% previously™). This difference may
reflect a more sensitive definition of aggregation in the recent work, or a bias in the new dataset toward
difficult peptides, since the dataset consisted of peptides from a limited number of projects. The data
reproduced to some extent the maximal occurrence of ‘difficult couplings’ at 10-15 residues from the
C-terminus. However, in contrast to the original data, they also show that ‘difficult couplings’ occur
with significant frequency at @/ chain lengths. Further work is needed to identify the origin of
differences between these and earlier observations (for example, Fmoc-chemistry
SPPS/dibenzofulvene monitoring/elevated temperature recently vs. Boc-chemistry SPPS/ninhydrin
monitoring/ambient temperature previously). Important future objectives will include correlating the
‘difficult couplings’ inferred from spectroscopic data with precise coupling yields (for example, from
quantitative ninhydrin assay or LC-MS analysis of crude peptide products), establishing the effect of
temperature on the onset and severity of ‘difficult couplings’, and documenting the prevalence of
‘difficult couplings’ in Fmoc SPPS using even larger datasets.
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Figure 6 Onset of aggregation during AFPS of 20-30 residue ‘difficult’ peptides, grouped according to length.
‘20mer’ peptides (<20 amino acids) include the C-terminal portions of the ‘25mer’ peptides (<25 amino acids) and
‘30mer’ peptides; ‘25mer’ peptides include the C-terminal portions of the ‘30mer’ peptides. For each group,
sequences that exhibited an aggregation event were binned according to the onset of aggregation, and normalized
to the total aggregating sequences within that group. Aggregation was inferred by a change in two sequential
dibenzofulvene signals (where the normalized difference between the height and the width changed > 20%). Position
is defined relatve to the peptide C-terminus. Reproduced with  modifications  from
https://doi.org/10.26434/chemrxiv.12649343.v1 [62] with permission of the corresponding author (originally
published on ChemRxiv under CC BY-NC-ND 4.0 license).

4.3 Elevated temperature to facilitate ‘difficult couplings’

Many strategies intended to disrupt the formation of interchain hydrogen bonds have been employed
to mitigate ‘difficult couplings’ and improve the outcomes of SPPS. Broadly, these strategies aim to
block the formation of aggregate structures either directly—for example, by reversible protection of
backbone N-H groups—or indirectly, by the use of conditions that favor solvation of the protected

peptide chain. Among the latter strategies, and one of the eatliest approaches to facilitate ‘difficult
couplings’, is the use of elevated temperature./”>*!



In contrast to backbone protection, which requires the availability of distinct protected amino acid
building blocks, elevated temperature is a potentially general solution that would apply equally well to
a range of non-canonical peptides (for example, D-peptides). The most significant drawbacks to use of
elevated temperature in SPPS are the generation of activated amino acids under pootly defined
conditions (for example, microwave heating), and the tendency of heating to exacerbate epimerization
of some amino acid active esters (especially cysteine derivatives, and histidine derivatives with non-
electron-withdrawing imidazole protection). As discussed elsewhere, AFPS is a potential solution to
these challenges.

More work is needed to understand the full potential of elevated temperature in facilitating ‘difficult
couplings’, and its utility in relation to other strategies. Here, automated flow-based SPPS is poised to
make strong contributions—both to fundamental understanding, and to the development of improved
tactics. For example, it would be interesting to see how the frequency and chain length-dependence of
difficult couplings change as a function of temperature, when studied using large datasets. Does
temperature serve to delay the onset of aggregation in susceptible peptides, or to reduce the severity
of aggregation at specific positions only? It would also be interesting to study the effect of temperature
in conjunction with backbone protection. Does backbone protection tend to lessen the beneficial
effect of temperature, or are additive effects obtained? Some evidence suggests that backbone
protection provides a greater benefit,’” but further work is needed to generalize these observations.
Systematic comparisons between ‘salvage’ tactics could inform both further refinements in flow-based
SPPS, as well as optimal manual SPPS strategies where specialized instrumentation is unavailable.

4.4 Amino acid-specific coupling yields

‘Difficult couplings’ are sequence-dependent, and not residue-specific per se. However, differences in
the relative reactivity of activated amino acids'® may exacerbate otherwise slow coupling reactions. In
the 1980s, yields for hundreds of coupling reactions were determined by quantitative ninhydrin assay,
in both Boc- (Mixed anhydrides; 35 peptides)”” and Fmoc-chemistry SPPS (1-hydroxybenzottiazole,
HOBt esters; 64 peptides).I” These data showed some agreement, with the coupling of valine, leucine,
and isoleucine being frequently incomplete in both schemes (~20% of couplings in Boc-chemistry
SPPS, and ~40% in Fmoc-chemistry SPPS). However, differences were also apparent. For example,
threonine—frequently incomplete in the Boc scheme (19% of couplings)—was not especially
problematic in the Fmoc scheme. Additionally, alanine couplings—rarely incomplete in Boc chemistry
(4% of couplings)—were among the most problematic in Fmoc chemistry (~40% of couplings). In
general, optimized SPPS protocols do not call for residue-specific conditions, perhaps because a
consensus for amino acid-specific coupling yields has not been found.

AFPS provides an opportunity to re-evaluate residue-specific coupling efficiencies using larger
datasets. With the goal of optimizing coupling conditions for flow-based SPPS, individual coupling
yields were determined during SPPS of four different peptide test sets (each comprising ~20 distinct
30-mers), using four different protocols." Coupling yield was taken as the integrated UV signal
generated by deprotection of the incorporated amino acid, divided by the signal from the prior residue.
Yields” obtained in this way were intended to inform on relative trends over many measurements,



rather than precise values of residual, unreacted amine (such as those obtained by quantitative
ninhydrin assay).

Under conditions of HATU activation, the following amino acids had the lowest average coupling
yields: Fmoc-Ala, Fmoc-Ser(#~Bu), Fmoc-Thr(#Bu), Fmoc-Val, Fmoc-Gln(Ttt), Fmoc-Asn(Trt), and
Fmoc-Arg(Pbf). Of these, only Fmoc-Arg is readily explained by an established chemical
mechanism."” Similar trends were observed in a larger dataset, comprising ~1520 unique peptides
synthesized on three separate instruments by multiple users.”” Figure 7A shows the distributions of
coupling yields obtained for Fmoc-Asn(Trt) and Fmoc-Leu in the larger dataset, illustrating the greater
proportion of incomplete couplings observed for Fmoc-Asn(Trt). In contrast, no significant difference
was observed between the average coupling yields of Fmoc-Leu and a second ‘non-problematic’ amino
acid (Fmoc-Met; Figure 7B). It will be interesting to see whether the same trends hold on even larger
sets of peptides obtained by individual users, to minimize the possible influence of peptide sequence
effects under optimally controlled experimental conditions. However, the data obtained to date appear

to support the existence of significant amino acid-specific differences in coupling efficiencies, at least
in flow-based SPPS.
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Figure 7 Overlaid coupling yield distributions, illustrating the lower average yields
obtained for some amino acids (HATU activation). A) Distributions obtained for Fmoc-
Asn(Trt) (red) and Fmoc-Leu (green), illustrating the significant proportion of
incomplete couplings in the case of Fmoc-Asn(Trt) only. B) Distributions obtained for
Fmoc-Met (red) and Fmoc-Leu (green), illustrating two examples with high coupling
yields. The yield for incorporation of an Fmoc-amino acid was inferred by integration
of the dibenzofulvene signal generated by its deprotection, normalized to the
integrated signal from the preceeding residue. This procedure accounts for the
downward trend in dibenzofulvene signals generally observed over a synthesis, but
can result in yields in excess of 100%. Reproduced with modifications from
https://doi.org/10.26434/chemrxiv.12649343.v1 [62] with permission of the
corresponding author (originally published on ChemRxiv under CC BY-NC-ND 4.0
license).

4.5 Amino acid-specific coupling conditions

Minimizing residue-specific differences in coupling yield provided a framework for optimizing flow-
based SPPS. During this process, it was observed that incomplete couplings of problematic residues
such as Fmoc-Asn(Trt) were less frequent under conditions of PyAOP activation (a combination of
PyAOP and extended coupling duration)." Reduction in incomplete couplings of frequently-



problematic residues by PyAOP activation suggested the use of amino acid-specific coupling
conditions in flow-based SPPS (a ‘recipe’), where PyAOP activation was used for frequently-
problematic residues only.

The effect of PyAOP activation was maintained when studied over a larger number of syntheses.”” As
for the smaller dataset, the data for each coupling condition were obtained on different peptides, rather
than by replicate syntheses under each condition. Frequently problematic residues (e.g., Fmoc-
Asn(Trt)) showed different coupling yield distributions under conditions of HATU vs. PyAOP
activation (Figure 8A), whereas non-problematic residues (e.g. Fmoc-Leu) showed similar
distributions under both sets of conditions (Figure 8B). It will not be surprising that choice of
coupling agent might critically impact a synthesis. Nevertheless, large-scale comparative studies of
activation conditions in SPPS are critically lacking,”""* and this is an area where automated synthesis
could have a major impact. By studying the effect of a reaction parameter on hundreds or thousands
of coupling reactions rather than just a handful, better predictive understanding of its likely effect in
new contexts might be obtained. Further work along these lines would ideally study the effect of single
varied parameters on replicate syntheses within a single test set, to unambiguously demonstrate the
causal effect of the varied parameter.
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Figure 8 Overlaid coupling yield distributions, illustrating the effect of conditions on
the coupling of either (a) Fmoc-Asn(Trt) or (b) Fmoc-Leu. Differences in coupling
yields were obtained for the problematic Fmoc-Asn(Trt) only. s = normal coupling
time, d = extended coupling time. Reproduced with modifications from
https://doi.org/10.26434/chemrxiv.12649343.v1 [62] with permission of the

corresponding author (originally published on ChemRxiv under CC BY-NC-ND 4.0
license).

Another interesting observation on coupling conditions is shown in Figure 9, which illustrates the
effect of coupling duration on reaction yield. ‘Coupling time’ has a unique meaning in flow-based
SPPS, since ‘activation time’ (the time an Fmoc-Xaa-OH and activating agent are combined with base)
remains constant, even as the coupling time is extended.”” This is in contrast to a batch process, where
extended coupling occurs concomitant with extended activation. Therefore, extended couplings in
flow-based SPPS are analogous to ‘multiple couplings’ in batch synthesis, where fresh coupling
solution is added after an initial treatment, in an effort to increase reaction yield. Figure 9A shows that
for couplings of Fmoc-Asn(Trt), no benefit was conferred by extended coupling time, consistent with
the observation that ‘difficult couplings’ are not significantly improved by ‘multiple coupling’
treatments in batch SPPS.” In contrast, couplings of Fmoc-Ala exhibit a small but significant benefit



from extended duration (Figure 9B). Further work is needed to re-evaluate the utility of ‘multiple
couplings’ in the context of flow-based synthesis, and to understand the mechanistic origin of context-
dependency.
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Figure 9 Overlaid coupling yield distributions, illustrating the effect of coupling
time on yields for (a) Fmoc-Asn(Trt)-OH or (b) Fmoc-Ala-OH couplings. Fmoc-
Asn(Trt) couplings were not improved by extended time, whereas Fmoc-Ala
couplings exhibited a small but significant benefit. s = normal coupling time, d =
extended coupling time. Reproduced with modifications from
https://doi.org/10.26434/chemrxiv.12649343.v1 [62] with permission of the
corresponding author (originally published on ChemRxiv under CC BY-NC-ND
4.0 license).

4.6 Minimization of aspartimide formation

Preventing aspartimide formation in Fmoc-chemistry SPPS remains a topic of great interest.
Aspartimide formation is exacerbated by elevated temperatures, which are otherwise beneficial for
peptide synthesis. Many strategies to suppress aspartimide formation while keeping the synthesis
temperature high were therefore investigated. These can be broadly divided into three classes: (a) new
aspartic acid protecting groups, (b) backbone protection and (c) modifications of the deprotection
base. For aspartic acid protecting groups it was generally found that bulky esters reduce aspartimide
formation,™ and recently Bode and co-workers reported on the use of cyanosulfurylides as effective
protecting groups.” Blocking the amide backbone of aspartic acid is the most effective strategy to
avoid aspartimide formation, however, coupling to secondary amines is more difficult and backbone-
protected dimeric building blocks are expensive. Either lowering the pKa of the deprotection base (e.g.
by the use of piperazine) or addition of acids (e.g. formic acid, HOBt and 4-nitrophenol) to the
deprotection base (in most cases piperidine in DMF) are a third popular strategy.”!

In flow chemistry, addition of formic acid to the deprotection base is nearly as effective as backbone
protection at minimizing aspartimide formation, even at elevated temperature. In their optimization
studies, Pentelute and co-workers screened many of the aforementioned strategies to minimize
aspartimide formation in flow.!" Bulky protecting groups only had a limited effect, whereas addition
of 1% formic acid to a 20% piperidine solution in DMF was sufficient to minimize aspartimide
formation in most sequences. In some Asp-Gly-containing peptides, such as collagen, 2, 4-
dimethoxybenzyl (DMB)-protected glycine was used to further reduce aspartimide formation. Notably,



Asp-coupling to the DMB-protected secondary amine was completed within seconds, thereby
rendering backbone protection in flow more practical than by traditional methods.

5 Related research areas and future directions

Flow-based solid phase peptide synthesis is regaining momentum as it presents a unique opportunity
for in-line data collection, minimized by-product formation and exceptionally fast synthesis on solid
support. Several milestones have led to the technology in its current state: the introduction of Fmoc-
SPPS to enable time-resolved UV—Vis monitoring, and the introduction of a preheat loop for the fast
activation of amino acid building blocks. Optimization of AFPS aimed at either decreasing synthesis
time or improving crude product quality. However, general challenges associated with peptide
synthesis, such as toxicity of reagents and atom economy, remain unaddressed. In the following
paragraphs we will therefore highlight several active and related research areas with potential impact
on AFPS. We will only focus on solid-phase synthesis methods in this section although significant
achievements also were made in solution phase peptide synthesis.

5.1 Technological advancements

Developments in flow-based synthesis have tremendously benefitted from interdisciplinary research
and technological advancements, such as improved equipment, faster computers and new technology
for data analysis. Flow chemistry itself is becoming increasingly popular and general advantages have
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been extensively highlighted elsewhere."*™ Self-optimizing flow platforms using feedback in flow!

*1 and autonomous synthesis, which both rely on advanced computational methods, are improving
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rapidly.’”*! Platforms which merge both flow chemistry and autonomous synthesis were developed

recently,™ however, high quality (flow) synthesis data is still 2 major bottleneck in this process.

Flow-based peptide synthesis could serve as a platform to demonstrate the potential of deep learning
on automatically collected high-quality synthesis data.”” In peptide synthesis a single reaction is
performed between two out of twenty possible canonical amino acids, leading to 400 possible coupling
combinations'®. In addition, peptide synthesis is sequence-dependent, which complicates tailoring
reaction conditions even further. With an automatically collected high quality data set new insights on
peptide synthesis can be gained and might improve our understanding on sequence-dependent events
such as aggregation.”” The ability to predict ‘difficult couplings’ with greater confidence would be an
important first step toward their correction.

Collection of additional synthesis data might enable the prediction of a highly tailored sequence-
specific recipe, which would allow for the synthesis of longer peptides and reduce the need for
resource-intensive optimization. To put this into practice it is required to collect more data with AFPS,
including additional coupling conditions, backbone modifications and incorporation of new building
blocks such as alternative protecting groups and non-canonical amino acids. As discussed eatlier, some
difficult couplings cannot be suppressed by varying coupling conditions and understanding the impact
of sidechain and backbone protecting groups will be crucial to push the limits of peptide synthesis
even further.



5.2 Mircofluidic Systems
Over the past two decades, multiple reports on solid-phase and solution-phase syntheses of linear and
cyclic peptides using micro-flow (reaction space <1 mm) technology were reported, which have already

751 For example, Wang and co-workers treported on a

been extensively reviewed elsewhere!
borosilicate glass microchip system for microflow-based SPPS. The chip included an integrated reactor
for the solid support (width: 600 mm, length: 1.3 cm), demonstrating the possibility of scaling down

previously described AFPS systems.™

In microfluidic systems heat and mass transfer are increased further, which generally leads to more
efficient reactions and shorter heating times. In addition, a small-scale system would enable the rapid
screening of reaction conditions, which would generate more data to improve our understanding of
sequence-specific events while minimizing reagent use. However, per definition microfluidic reactors
have a small inner diameter. How much can we scale down AFPS technology? Will AFPS be more
efficient in a microfluidic system? And will the decreased diameter lead to issues with backpressure?

5.3 Green Chemistry

As environmental factors are becoming increasingly important, there is a growing interest to develop
more sustainable alternatives to traditional SPPS reagents, solvents and peptide purification.” The
E-factor for amide-bond formation is very low and improvements are urgently needed, especially
considering that this reaction is amongst the most commonly utilized transformations in the
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pharmaceutical industry.”* Current strategies rely on the use of hazardous solvents (DMF and N-

methyl-2-pyrrolidone, NMP) and stoichiometric activating or coupling reagents resulting in poor atom

U7 Atom economy is especially low for AFPS, which

economy and accumulation of toxic waste.
employs up to 100 equivalents of amino acid for each coupling cycle. In addition, there is accumulating
evidence for the health risk of uronium-based coupling agents,” which provides additional motivation

for new amide bond-forming strategies.

Fil6p and co-workers optimized their flow-based peptide synthesizer with the aim to reduce coupling
reagents (HATU), solvents (DMF) and waste.""! Their set up used a heated reactor (70 °C), which was
additionally pressurized (60 bar). Amino acid equivalents needed to achieve high coupling yields were
decreased to 1.5-3.0 equivalents in a mesoscale synthesizer and the synthesis of multiple short peptides

was demonstrated."%1%!

'How much could coupling equivalents and solvents be reduced in AFPS? Can
“oreener” and potentially less toxic coupling agents such as (I-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium  hexafluorophosphate (COMU),
fluoro-N,N,N’, N -tetramethylformamidinium hexafluorophosphate (TFFH) derivatives or 1-
propanephosphonic anhydride (T3P) be used in AFPS , too?” Can solvent used for resin washing be

reduced further, as previously described for microwave-based SPPS?!'*A

In addition to minimized reagent usage, greener solvents are also investigated to enable more

sustainable methods for peptide synthesis.”>'" The traditional solvents for amide bond formation are

DMF, dimethylacetamide (DMAc) and NMP, all of which are highly problematic in terms of health



[104

and environmental impact.""" Replacement of these aprotic, polar solvents proved to be challenging

and was the topic of numerous investigations in green chemistry programs, ultimately resulting in
numerous recommendations including 2-methyltetrahydrofuran (2-Me-THF),"" propylene carbonate
(PC),"! dimethyl carbonate (DMC),!"™ y-valerolactone (GVL),""" or N-butylpyrrolidinone (NBP)!"")
as possible alternatives. As automated fast-flow peptide synthesis allows for rapid and highly
reproducible synthesis as well as in-line analysis, AFPS could be an ideal method for a comparative

study and analysis of these solvents for SPPS.

The biggest impact could come from a more substantial change to the current process of SPPS —by
adapting the entire method to the “ideal” solvent water, rather than adapting the solvent to the current
protecting group (Fmoc/#Bu) chemistry.” The first efforts on water-based SPPS were reported by
Kawasaki and co-workers, who developed water-compatible coupling agents and protecting
groups."" ' Notably, PEG-based CM-resin, which is often used in flow-based SPPS, and several
related resins show good swelling properties in water. To further improve the properties of water-

compatible  protecting groups, SOs-functionalized protecting groups, so-called 9-(2-

[116]

sulfo)fluorenylmethyloxycarbonyl (Smoc) amino acid derivatives," ™ as well as additional solvation

strategies, additional compatible activators and microwave irradiation were successfully

implemented.!""!"""1#l

5.4 Expanding the reaction tool box on solid support
Much research is focused on the development of alternative reactions for amide bond formation!
and flow chemistry could give access to reactions which are difficult or not possible using traditional

microwave or batch methods. The rapid consumption of in-line generated highly reactive intermediates

[23,124,125

through flash chemistry I allows for alternative amino acid activation, e.g. by using more atom-

economical activation or catalytic amide bond formation methods. So far the use of N-

carboxyanhydrides (NCAs),"* unsymmetrical acid anhydrides, acyl azides!*”

128

and symmetric
anhydrides!" has been demonstrated using flow chemistry, however, most of these were reported in
the context of liquid phase peptide synthesis. Very recently Fuse and co-workers reported on the use
of highly active acyl N-methylimidazolium cations in for amide bond formation in micro-flow, which
was also applicable to SPPS.!*

Can these methods be used in AFPS and can we develop even more reactive active esters? Can

[130-134, 135

catalytical methods for amide bond formation | be translated into flow chemistry? And can

these methods be used for the synthesis of long peptides or even proteins?

Flow-based stepwise synthesis on solid support was developed and optimized for several biopolymers,
including polysaccharides,**”" DNA/RNA and peptides/proteins.'! Precise reaction parameter
control and decreased reaction times allow for a rapid screening of conditions and often result in an
increased yield per incorporated monomer. Lessons learned in the development of the afore
mentioned methods could be translated to other (artificial) sequence defined polymers (SDP), such as

peptoids, antisense-oligonucleotides, oligourea foldamers!"*! 11391401

or aromatic oligoamide foldamers.
We therefore anticipate that the developments of new reactions for solid phase flow chemistry —

inside and outside of peptide-related research— will have great impact on SDP research.



6 Conclusion

In just a few years time, the advent of in-line heating and reagent activation has transformed flow-
based SPPS from a largely forgotten approach to the ‘cutting edge’ of solid phase synthesis. Where
AFPS instrumentation is available, it will streamline chemical protein synthesis by furnishing the
requisite peptide segments for chemical ligation, or in some cases the full-length protein chains directly.
In addition, AFPS is generating ever-expanding sets of analytical data that could impact SPPS more
broadly. As aspects of this data challenge existing notions (e.g., the onset of chain aggregation in SPPS)
or are not readily explained using established concepts (e.g., the frequently-incomplete coupling of
Fmoc-Asn(Trt)-OH), future developments will be watched with great interest. The fundamentals of
SPPS are established, but new developments should not be precluded, and we look forward to
continued progress at the forefront of chemical synthesis.
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