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Abstract:

Ribosomes produce most proteins of living cells in seconds. Here we report highly efficient
chemistry matched with an automated fast-flow instrument for the direct manufacturing of peptide
chains up to 164 amino acids over 328 consecutive reactions. The machine is rapid - the peptide
chain elongation is complete in hours. We demonstrate the utility of this approach by the chemical
synthesis of nine different protein chains that represent enzymes, structural units, and regulatory
factors. After purification and folding, the synthetic materials display biophysical and enzymatic
properties comparable to the biologically expressed proteins. High-fidelity automated flow
chemistry is an alternative for producing single-domain proteins without the ribosome.

One Sentence Summary:

A benchtop automated machine synthesizes protein chains in hours.

Main Text:

Mechanical pumps, valves, solid supports and computers have transformed the way we perform
chemical reactions. In recent decades, the general availability of continuous multi-step flow
technology enabled routine access to small molecules ranging from pharmaceutical ingredients to
natural products and bulk commodities.(/) Select advantages of flow synthesis over batch methods
are in-line spectroscopic monitoring, efficient mixing and precise control over the reaction
parameters.(2) It is highly desirable to translate these capabilities and adapt flow chemistry to the
total chemical synthesis of biopolymers, including peptides and proteins.
1
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Sequence-controlled chemical synthesis of full-length protein chains holds the promise to deliver
the future generations of therapeutics. Protein production is an essential part of research in
academia and industry and can be accomplished by biological methods or chemical synthesis.(3)
The vast majority of proteins are obtained by biological expression, a process that limits their
chemical composition to the naturally occurring amino acids.(4) Advances in genetic code
expansion have allowed for the incorporation of single unnatural amino acids in the structures of
native proteins.(5) In contrast, chemical synthesis offers unmatched flexibility when incorporation
of multiple unnatural amino acids, post-translational modifications (PTMs) or artificial backbones
is desired.(4) Synthetic proteins have become accessible with a combination of solid-phase and
ligation methodologies. Yet, total chemical synthesis of proteins remains highly labor-intensive.

Solid-phase peptide synthesis (SPPS) is the foundation of chemical peptide and protein
production.(6) In SPPS, a protected amino acid is linked to an insoluble polymer support (resin)
and the polypeptide chain is elongated through iterative coupling and deprotection cycles. A final
deprotection and cleavage step releases the crude, unprotected peptide. However, despite decades
of optimization, peptides longer than 50 amino acids are difficult to synthesize with standard SPPS
instrumentation. New protocols that routinely overcome generation of by-products arising from
deletion, truncation and aggregation of the growing peptide chains are needed.(7, &§) Stepwise
SPPS was devised with the scope of simplifying and accelerating peptide synthesis,(9) however,
it was not until the development of native chemical ligation (NCL) that chemical synthesis of
protein chains became practical. Synthetic proteins can be produced by NCL of relatively long
peptide segments (>50 residues) obtained by SPPS.(/0, /1) This methodology has considerably
expanded the sequence length of peptides and proteins accessible by chemical synthesis. Despite
the efforts dedicated to improving NCL techniques,(/2) a major bottleneck resides in the absence
of a routine protocol to access the requisite peptide fragments.(/0, 13) We set out to address this
problem by developing a reliable method to synthesize long peptides and protein chains using flow
chemistry.

Flow-based SPPS is gaining momentum owing to its advantageous features, e.g., control over
physical parameters and greatly reduced formation of side-products.(/4—16) Studies carried out in
the 1980s found that automation and high fidelity of peptide synthesis could be achieved by
containing the solid support in a reactor and operating it as a fixed bed.(/2) Instead of complex
systems for liquid handling to dispense reagents and wash the resin, high-performance liquid
chromatography (HPLC) pumps were employed to continuously deliver reagents, establishing the
principles of peptide synthesis in flow. Inspired by this early work, we developed over the past
five years rapid, automated fast-flow peptide synthesis (AFPS) instrumentation that incorporates
amino acid residues in as little as 40 seconds at temperatures up to 90 °C.(15)

Even though prior work by us and others on flow-based SPPS significantly reduced the total
synthesis time, the potential of flow chemistry to enable synthesis of peptide chains in the range
of single domain proteins has not been fully realized.(/7-22) We set out to optimize our AFPS
technology to meet this challenge. Here we report a routine protocol that allows for the stepwise
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chemical total synthesis of peptide chains exceeding 50 amino acids in length, with a cycle time
of ~2.5 minutes per amino acid (Fig. 1). The optimized protocol was built on a collection of
analytical data acquired with an AFPS system and shown to deliver products with high fidelity and
of high chiral purity. Using this protocol, single domain protein chains ranging from barstar (90
amino acids) to sortase As9-206 (sortase A*, 164 amino acids) were synthesized in 3.5-6.5 h. To
demonstrate the application to the production of functional proteins, these sequences were folded
and their biophysical properties and enzymatic activities were determined. This advancement
brings the timescale of chemical protein synthesis on par with that of recombinant expression and
therefore offers a practical alternative to biological methods, while opening up the chemical space
beyond canonical amino acids.

Fully Automated Synthesis of Functional Synthetic Proteins

SYNTHESIS

PURIFICATION

FOLDING

Automated flow peptide synthesis (AFPS)

FEATURES:
* High fidelity
* Rapid
*  Minimum amount of by-
products
* Incorporation of non-
canonical amino acids

Fig. 1 Automated fast-flow solid-phase peptide synthesis enables high-fidelity production of long amino acid sequences.
A) Fully automated chemical flow synthesis yields peptide chains, which —after purification and folding— give functional proteins;
B) Automated fast-flow peptide synthesizer (AFPS) and main advantages of flow chemistry for solid phase peptide synthesis
(SPPS).

Results

Rapid and reproducible screening of reaction variables enables optimization of a general
Fmoc chemistry-based AFPS protocol. We chose to first optimize coupling efficiency and later
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investigate possible side-reactions induced by the optimized coupling conditions. On a benchmark
AFPS instrument previously developed in our laboratory,(/5, /6) reagents are mixed, heated and
delivered onto a pre-tempered solid support using three HPLC pumps. In-line ultraviolet-visible
(UV-Vis) detection of the reactor eluent is used to monitor removal of the N-terminal protecting
group after each coupling cycle. Indirectly, this information reports on the efficiency of the
preceding coupling step.

We first optimized general parameters including flow rate, reaction solvent, reagent concentration,
temperature and coupling agents (Table S1-S7). Modifications to our original AFPS protocol
included increasing reagent concentrations to 0.4 M,(23) the use of amine-free DMF and an
increase of temperature to 85-90 °C for reagent activation and coupling.! The performance of
different activators for the coupling step was also investigated, identifying the azabenzotriazol-
reagents PyAOP and HATU as the optimal activators.

Automated collection of analysis data and synthesis parameters allowed for an optimization of
residue-specific coupling conditions. By comparing data on amino acid deprotections, we were
able to gain information on coupling efficiency for all canonical amino acids and generated a
general amino-acid-specific recipe (Table S8—S9). Analytical comparison of the products obtained
for GLP-1 is illustrative of the improvement in crude peptide quality achieved with the optimized
synthesis conditions (Fig. 2A).

Conditions were modulated to suppress aspartimide formation, a major side reaction in SPPS and
AFPS. As increased temperature leads to more aspartimide formation, various deprotection bases,
additives and aspartic acid protecting groups were screened to minimize this unwanted side
reaction.(24, 25) We found that milder deprotection bases (i.e., piperazine and HOBt/piperidine)
and bulky aspartic acid protecting groups (i.e., 3-methyl-pent-3-yl esters, OMpe) decreased the
rate of aspartimide formation (Fig. S3 and Table S10). The most effective strategies, however,
were the addition of formic acid as a piperidine additive and backbone protection with
dimethoxybenzyl glycine. Formic acid (1% in 20:80 v/v piperidine:DMF) was therefore used as
an additive for deprotection, and backbone protection was applied for collagen and FGF1
syntheses.

The retention of chirality for amino acids at high risk of epimerization, cysteine and histidine, was
confirmed in a final optimization step (Fig S4-S9).(26) The influence of temperature, time and
activating agent, as well as different protecting groups were screened (Fig. 2A,B).(/7) For both
amino acids, epimerization significantly increases with activation time and temperature. The
choice of protecting group proved to be critical for histidine. Ultimately, activation of Fmoc-
Cys(Trt)-OH and Fmoc-His(Boc)-OH with PyAOP with a shorter activation time at 60 °C resulted
in <2% D-epimer formation. Next, we determined that the amount of epimerization under these

The flow rate was set to 40 mL/min to minimize the effect of pump cavitation.
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optimized conditions does not increase over multiple coupling cycles (Fig. 2D). The amount of D-
isomer did not change over 100 amino acid couplings, which verified that epimerization of cysteine
and histidine only occurs during the activation step. Implementation of these conditions allowed
us to finalize the general AFPS protocol, which was then applied to the production of sequences
exceeding 50 amino acids (Table S11 and SI section 3.10).

HPLC traces of GLP-1 before and after optimization of synthesis conditions
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Fig. 2 Optimization of AFPS conditions improves synthesis outcome and reduces the amount of cysteine and histidine
epimerization. A) Synthesis of GLP-1 using starting conditions and optimized conditions; B) Quantification of cysteine epimerization
on activation temperature, heating time (5’ loop and 10’ loop) and activator in a GCF-test peptide, isomer was quantified from extracted
ion chromatograms (EIC) on liquid chromatography—mass spectrometry (LC-MS) by comparison to reference peptides; C)
Quantification of histidine epimerization on activation temperature, heating time (5’ loop and 10’ loop) and activator in a FHL-test
peptide, the D-isomer was quantified by analytical HPLC by comparison to reference peptides; D) Quantification of epimerization over
multiple coupling cycles. GCF and FHL were synthesized under optimized conditions and the N-terminus was manually capped with

a tert-butyloxycarbonyl (Boc)-protecting group. 100 glycine couplings were executed, and a sample was taken out for analysis every
20 amino acid couplings. Cpl. w/ = coupled with.

Optimized AFPS outperforms traditional synthesis methods. We investigated if our optimized

AFPS conditions could facilitate the synthesis of longer sequences using proinsulin (86 amino

acids) and HIV-1 protease (99 amino acids) as test sequences. The total synthesis of human

proinsulin was previously reported using native chemical ligation of three peptide fragments
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individually prepared by SPPS.(27) HIV-1 protease was also previously prepared using stepwise
and chemical ligation routes under Boc-SPPS conditions.(28, 29) Using our standard AFPS
protocol, the syntheses of proinsulin and HIV-1 protease were completed in 3.5 and 4.5 hours,
respectively. HPLC purification yielded 2.2 mg (1%) of purified proinsulin and 5.3 mg (1%) of
purified HIV-1 protease.

A comparison between AFPS and standard SPPS synthesis on commercially available synthesizers
performed at room temperature, 70 °C and 90 °C, indicated significantly improved synthetic
outcome for the optimized AFPS protocol (Fig. 3 and SI section 4). To facilitate this comparison,
identical resin, scale, and amino acid equivalents were used for all sequences. On each instrument
machine-specific, optimized conditions were used to achieve the best synthesis outcome. For HIV-
protease and proinsulin, AFPS yielded the desired product as the major species along with minor
by-products of similar weight, as determined by analytical HPLC and liquid chromatography—
mass spectrometry (LC-MS). By contrast, synthesis on commercially available peptide
synthesizers took approximately five times longer and resulted in a complex compound mixture.
AFPS therefore offers a significant improvement when directly compared to traditional SPPS
methods, both with respect to time and performance.

Traditional SPPS vs. AFPS, analytical data for crude proinsulin
Traditional SPPS L on

e

Synthesis time:
~37.3h

Synthesis time:
~3.5h

m

T000 Mass (Da) 12000 7000

Mass (Da) 12000

f T T T T y Proinsulin y y " y y
10 20 30 40 50 60 10 20 30 40 50 60

time (min) time (min)

FVNQHLCGSH LVEALYLVCG ERGFFYTPKT RREAEDLQVG QVELGGGPGA
GSLQPLALEG SLQKRGIVEQ CCTSICSLYQ LENYCN (86 AA)

Fig. 3 Synthesis of proinsulin demonstrates the advantage of AFPS over traditional SPPS methods. Analytical HPLC data of
the crude proinsulin are presented as the main chromatographic trace with absorbance detection at 214 nm (additional details can be
found in the Sl). Deconvoluted masses are displayed in the inset. Analytical data for the synthesis of crude proinsulin using SPPS on
a commercially available synthesizer at 70 °C with total cycle times of 26 min/amino acid and 40 eq. amino acid for each coupling are
displayed on the left; analytical data for the synthesis of crude proinsulin using AFPS are displayed on the right.
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Optimized AFPS enables routine access to peptides in the size range of single domain
proteins (~130 AAs). To demonstrate general applicability of our synthesis protocol, the synthesis
of additional protein chains ranging from ~70 to ~170 amino acids was performed (Fig. 4 and SI
section 5). These sequences were chosen to enable comparison with literature data. We chose
historically relevant targets for drug discovery, such as HIV-1 protease and MDM2,(30, 31) but
also proteins that serve as therapeutics themselves, such as FGF1 and proinsulin.(32, 33) The
ability of AFPS technology to rapidly incorporate non-canonical amino acids was tested by the
synthesis of derivatives of barnase and HIV-1 protease. Barstar, barnase, lysozyme, MDM2 and
sortase A* allowed for a direct comparison of recombinant and synthetic proteins. All sequences
were successfully synthesized in 3.5 to 6.5 h of synthesis time using our optimized AFPS protocol.

The desired protein was the main product in every synthesis and HPLC purification yielded
milligram quantities of product. Isolated yields following HPLC purification ranged from 2.2—
19.0 mg (1-5%), a sufficient amount of material for folding and evaluation of tertiary structure
and biological function (Fig. S and SI section 5). In conclusion, optimized AFPS allows for the
routine stepwise chemical synthesis of peptide chains of up to ~170 amino acids and therefore
significantly decreases time and labor associated with the production of single domain proteins.
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Fig. 4 Automated fast-flow solid-phase peptide synthesis enables high-fidelity production of long amino acid sequences.
A) Sequences produced using an automated fast-flow peptide synthesis (AFPS) instrument; sequences highlighted in gray were
folded, purified and their structure and biological activity was evaluated. All peptides and proteins were synthesized using a single
standard recipe. PDB: 3I0L (GLP-1), 2ZA4 (barstar), 2KQP (proinsulin), 1CGD (collagen); 3HBO (HIV-1 protease dimer with
inhibitor), 2ZA4 (barnase), 3G03 (MDM2), 1BB3 (lysozyme), 2J3P (FGF1), 2KID (sortase A). Deconvoluted mass spectra of crude
B) barstar, C) collagen, D) HIV-protease (Kent sequence), E) barnase, F) MDM2, G) lysozyme, H) FGF1, and |) sortase A* obtained

by summation of the respective entire liquid chromatography peaks. Additional analytical data for all syntheses can be found in the
Supporting Information.
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Fig. 5 AFPS yields milligram quantities of proteins in hours. For all cases analytical HPLC data of the purified proteins are
presented as the main chromatographic trace with absorbance detection at 214 nm (additional details are found in the Sl). Electrospray
ionization (ESI) mass spectrum (upper left) and deconvoluted mass spectrum (upper right) are also shown in each case. Both spectra
were obtained by summation of the entire liquid chromatography peak; A) HIV-1 protease (99 amino acids), gradient for analytical
HPLC: 5-65% B; B) MDM2!"-"'8 with His-Tag (127 amino acids) gradient for analytical HPLC: 5-65% B, C) Lysozyme (129 amino
acids) gradient for analytical HPLC: 5-65% B, D) FGF1 (141 amino acids) gradient for analytical HPLC: 5-65% B, E) sortase A (164
amino acids), gradient for analytical HPLC: 5-65% B. A linear gradient of acetonitrile with 0.08% trifluoroacetic acid (TFA) added
(solvent B) in water with 0.1% TFA added (solvent A) was used in all cases.

The structure and function of folded synthetic proteins are comparable to recombinant
samples. Determining the purity of long synthetic peptides is challenging because of difficulties
associated with identification and quantification of by-products by standard analytical techniques.
In a physiological environment the native folded structure of a globular protein — which gives rise
to its unique biological activity — is determined by its amino acid sequence.(34) As a consequence,
the tertiary structure of a protein can be used as a measure of the chemical integrity of the primary
amino acid sequence.(35)

We folded and further purified select synthetic proteins by size exclusion chromatography and ion
exchange chromatography and characterized their tertiary structure with biophysical and
functional assays, alongside recombinant protein standards. Our goal was to demonstrate the
fidelity of our AFPS protocol in delivering synthetic proteins of defined covalent structure and
high chiral integrity. To this aim, we thoroughly characterized barnase, and further investigated
barstar, sortase A, MDM?2 and HIV-1 protease. Folding of the synthetic proteins was case-specific
and was achieved either by following a literature protocol or by screening various folding
conditions.

Chemical denaturation is diagnostic for assessing structural integrity and stability of synthetic
proteins. The globular protein barnase, a bacterial RNase isolated from Bacillus amyloliquefaciens,
is a model system to investigate protein folding, denaturation and binding to its inhibitor protein
barstar (Fig. 6A).(36, 37) The primary structures of synthetic and recombinant barnase were
indistinguishable by LC-MS and HPLC methods (Fig. 6B). We then used a chemical denaturation
fluorometric assay as a read-out for the integrity of the tertiary structure (Fig. 6C). In this assay,
tyrosine fluorescence was used to monitor the folding equilibrium, as the concentration of urea
was varied. Synthetic barnase exhibited a transition midpoint (the concentration at which half of
the sample is unfolded) that compared well to both the authentic recombinant sample and literature
value ([D]s0%, synthetic = 4.68 = 0.06 M; [D]s50%, recombinant = 4.63 £ 0.04 M; [D]50%, literature =
4.57 M).(38) More importantly, the m-values obtained in the experiment, which describe the slope
of the unfolding transition and are a sensitive measure of structural homogeneity, were similar
(Msyntheric = 1.82 + 0.25 kcal mol™ M, myrecompinan: = 1.88 £ 0.21 keal mol™! M and muicerarure =
2.06 kcal mol' M™). If the synthetic protein were microheterogeneous (e.g., contained a
distribution of isomers or deletion co-products), then the m-value may be altered due to the
distribution of [D]s0% values represented within the mixture. Therefore, since the synthetic sample
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exhibited an m-value within the error of the recombinant sample, we concluded that
microheterogeneity was not significant.

Enzymatic assays show comparable activity of synthetic proteins obtained by AFPS and their
recombinant equivalents. Enzymatic catalysis is sensitive to minor changes in the enzyme’s
tertiary structure, for which even single point mutations can have a major impact.(39, 40) We
evaluated the native activity of three synthetic variants of well-studied enzymes: barnase, HIV-1
protease and sortase A*. Barnase catalyzes hydrolysis at diribonucleotide GpN sites. Its specific
activity can be measured by monitoring hydrolysis of a DNA/RNA hybrid containing a Forster
Resonance Energy Transfer (FRET) fluorophore pair.(4/) The enzymatic efficiency of synthetic
barnase was kca/Kyr = (7.6 £ 0.2) x 10 M 57!, which is comparable to that of recombinant barnase
(kea/Krr = (9.0 £ 0.3) x 10°M! s7) as determined using the same assay (Fig. 6D). Further, HIV-1
protease hydrolyzes the peptides of HIV, and using a fluorogenic peptide allows for quantification
of its proteolytic activity.(42) Synthetic HIV-1 protease displays a Michaelis constant of Kn=20.9
+ 1.0 mM and a turnover number of kecar = 29.6 + 4.1 5!, close to literature values for the
recombinant sample (Fig. S18 and S19).(29) Furthermore, incubation of the synthetic protease
with a model substrate peptide results in wild-type like specificity with exclusive cleavage at a
single Phe/Pro site (Fig. S20 and 21).(28) Finally, sortase As9-206 is a transpeptidase produced by
Gram-positive bacteria that catalyzes a cell wall sorting reaction at a threonine-glycine bond in the
LPXTG motif (43). We synthesized the 164-amino acid long sortase A* variant
[P94S/D160N/K196T] to allow for direct comparison to a recombinant standard.(44, 45) At a
concentration of 0.01 mg/mL, synthetic sortase A* led to 47% product formation by LC-MS within
24 h (starting from 0.2 mg/mL GGGGGLY and AQALPETGEE as test substrates) (SI Fig. 23).
This conversion value is comparable to that determined for the recombinant protein (50% product
formation within 24 h). Enzymatic activity assays of synthetic proteins accessed by AFPS
therefore confirmed both the high substrate specificity and comparable activity to recombinant
enzymes and literature values.

Binding studies of synthetic MDM2 and barnase confirmed specific affinities for their respective
substrates. Barnase binds selectively and with high affinity to its inhibitor barstar. In a gel-based
assay recombinant barstar inhibited RNase activity of synthetic and recombinant barnase in a
concentration-dependent manner (Fig. 6E).(42) In addition, synthetic barstar obtained with AFPS
performed comparably to recombinant barstar. To quantify binding of a synthetic protein to a
known ligand, we also characterized the N-terminal binding domain of MDM2!"!18] (37) The
binding of MDM2 to p53 is a key interaction in multiple pathways upregulated in cancer.(47, 48)
We folded milligram quantities of synthetic MDM2!"!181 and characterized its binding to
immobilized p53[!*?°! using biolayer interferometry (Fig S24 and S25). Synthetic MDM2!!-118]
displayed an affinity toward p53 (Ks= 6.25 uM) comparable to the literature value (Ks=5.45 uM)
obtained under the same folding conditions.
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Production, structure and function of barnase
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Fig. 6 Synthetic barnase and synthetic barstar fold into the native tertiary structure and display enzymatic activity
comparable to recombinant samples. A) Conceptual overview of production and analysis methods; B) Comparison of primary
sequence obtained from AFPS synthesis and recombinant expression. For both cases analytical HPLC data of the purified barnase
are presented as the main chromatographic trace with absorbance detection at 214 nm (additional details can be found in the SlI).
Electrospray ionization (ESI) mass spectrum and deconvoluted mass spectrum of the purified peptide samples are displayed in the
upper left and the upper right insets, respectively. Both spectra were obtained by summation over the entire liquid chromatography
peak in the chromatogram; C) Structural evaluation of barnase in a chemical denaturation assay using urea as denaturant; D)
Quantitative enzymatic activity assay for the determination of k../Ku values; E) Barnase inhibition and binding assay using
recombinant and synthetic barstar. 3.4 nM barnase was used in all experiments.

Discussion

AFPS technology enables rapid and high-fidelity production of peptide chains over three times
longer than previously accessible by routine standard SPPS methods.(7) We show here that solid-
phase flow chemistry yields sequences up to 164 amino acids long of sufficient chiral purity and
quality to facilitate production of functional single domain protein chains. Selected examples were
folded and the integrity of the primary and tertiary structures, as well as their biological activity
was confirmed. These advances provide a viable solution to reliably assemble long linear peptide
chains, shifting the focus in the field of chemical protein synthesis to improving folding protocols
and — most importantly — applications. We envision in future studies testing the generality of
our flow synthesis method on a much larger pool of protein chains.

The optimized AFPS protocol demonstrates an advantage of flow chemistry over common batch
chemistry methods for peptide synthesis. An improvement to existing flow protocols was achieved
by rapid screening of variables in a reproducible reaction setup. Even though in this study AFPS
yields superior results over traditional synthesis methods in terms of total synthesis time and crude
product quality, general challenges associated with peptide synthesis, such as low atom economy
and the use of DMF as a solvent, remain unsolved. Since we implemented AFPS, we have
produced over 5000 peptides and automatically collected in-line analysis data for all syntheses.
Moving forward, this extensive, high-quality data set could be leveraged to further improve peptide
synthesis in flow using machine learning and other computational methods. Ultimately, we intend
for this report to serve as a blueprint for the automated flow synthesis of other biopolymers and
artificial sequence-defined polymers.(49)

A robust, widely available routine method for chemical production of proteins is poised to have a
strong impact on chemical biology and the development of new therapeutics. Combined with
chemical ligation, rapid stepwise production of single domain proteins by AFPS technology will
extend the practical applications of total chemical synthesis to the majority of human proteins
(~30 kDa).(10, 50) Additional research avenues opened by our method include rapid access to
mirror-image proteins, post-translationally modified proteins and de novo-designed, abiotic
proteins. Introduction of non-canonical amino acids as point mutations in native proteins will make
accessible variants with significantly altered biological function, e.g., catalytic activity.(51, 52)
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Finally, AFPS has the potential to enable on-demand production of time-sensitive and potentially
life-saving personalized medicine, such as for enzyme replacement therapy or neoantigen cancer
vaccines.(53, 54) We are looking forward to unlocking the power of our method along these lines
of exploration.
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