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Abstract: The chemical synthesis of proteins (CSP) has been an 

essential tool in studying and understanding the role of these 

biological polymers and enabling the discovery of novel classes of 

inhibitors. However, CSP with commercially available synthesizers 

is typically limited to producing polypeptides of about 50 to 70 amino 

acids in length. Consequently, a wide range of protein targets have 

been out of reach using these technologies or require cumbersome 

synthesis and purification of multiple peptide fragments. In this 

report, we employed a powerful combination of automated flow 

peptide synthesis (AFPS), native chemical ligation (NCL) 

techniques, and high-throughput evaluation of refolding conditions to 

achieve the first chemical synthesis of both the wild-type and mirror-

image forms of functional full-length CypA protein, which plays a vital 

role in proline cis-trans isomerization and other important processes. 

Functional assays confirmed that the chemically synthesized 

proteins retained their biological properties. 

Introduction 

 Cyclophilin A (CypA), a member of the cyclophilin protein 

family, has captured the interest of the scientific community due 

to its crucial role as a peptidyl-prolyl isomerase (PPI) enzyme.1 

This protein, which is ubiquitous across various tissues and 

cellular environments, is integral to numerous biological 

processes.1–5 CypA primarily acts as an essential component in 

protein folding and assembly, facilitating the conversion between 

cis and trans isomers of peptidyl-prolyl bonds, thus ensuring the 

correct protein conformation.6 Additionally, CypA has been 

identified as a crucial element in immune responses and 

inflammation. It interacts with important molecules in immune 

signaling pathways, including calcineurin and the T-cell receptor, 

particularly in the presence of cyclosporin A.7 These interactions 

place CypA at the nexus of regulating complex signaling 

cascades.1 Furthermore, recent studies have shown that when 

the molecular surface of CypA is remodeled by small-molecule 

ligands it is capable of targeting the active state of 

KRASG12C.8,9 The broad range of functionalities and molecular 

interactions of CypA underscores its profound importance in 

cellular physiology and its potential as a promising therapeutic 

target for a diverse spectrum of pathological conditions, including 

autoimmune diseases and viral infections, and cancer.1–8 

 In the past few decades, chemical protein synthesis (CPS) 

has evolved into a formidable and adaptable tool in chemical 

biology and drug discovery.10–15 CPS offers numerous 

advantages, facilitating the production and systematic 

exploration of difficult-to-access proteins enabled by the 

significant advancements in ligation chemistry, and flow 

synthesis.10,13,16,17 These innovations have broadened the scope 

of CPS and enabled easy access to modified proteins with 

tailored properties and functionalities.18,19 For instance, using 

CPS to synthesize mirror-image proteins could offer significant 

potential in identifying protease-stable peptide-based probes by 

utilizing a mirror-image phage display platform.20–25 By 

leveraging this innovative strategy, researchers can obtain 

deeper insights into complex biological mechanisms, setting the 

stage for the development of groundbreaking therapeutics.25 The 

ongoing advancements in CPS and the exploration of mirror-

image proteins have the potential to significantly influence drug 

discovery and deepen our comprehension of fundamental 

biological phenomena. 

Results and Discussion 

Our team recently introduced an innovative approach that uses 

automated fast-flow technology for synthesizing a wide range of 

protein chains in a continuous, stepwise 'single-shot' process.16 

Our initial attempt to achieve the synthesis of the full-length CypA 

protein that is comprised of 166 amino acid residues using 

automated-flow peptide synthesis (AFPS) did not afford the 

desired protein chain. Further, the liquid chromatography-mass 

spectrometry (LC-MS) analysis of the unpurified reaction mixture 

after cleavage revealed that this strategy resulted in the 

generation of a complex reaction mixture consisting of various 

side products including single or multiple amino acid deletions, 

methionine oxidation, and truncated peptides (Figure 1A and SI 

Section 4.1).26–28 

 In light of these challenges, we developed an approach that 

integrates AFPS and native chemical ligation (NCL) strategies to 

successfully synthesize full-length CypA protein, while 

substituting methionine residues with norleucine (Nle) to mitigate 

the apparent oxidation issue (Figures 1B and 2).28 Of the four 

cysteine (Cys) residues in the sequence, we strategically chose 
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to perform the NCL reaction at the junction between Nle-62 and 

Cys-63 due to its favorable positioning and reaction kinetics.29 

Thus, we proposed the synthesis of full-length CypA by 

independently synthesizing and purifying two fragments: the N- 

 

Figure 1. Automated fast-flow peptide synthesis (AFPS) enables access to synthetic full-length proteins. A. Amino acid sequence of full-length human CypA and 
single-shot synthesis of full-length CypA using AFPS. Shown are characterizations of the unpurified reaction mixture of full-length L- CypA by RP-HPLC using UV 
detection at 214 nm (a), the mass-to-charge spectrum of the total ion current post-injection on a Q-TOF LC-MS instrument (b), and the deconvolution mass spectrum 
analysis (c). The asterisk (*) in the analytical HPLC spectrum marks the primary product peak, which corresponds to the integrated mass-to-charge and deconvoluted 
mass spectra shown in (b) and (c). B. Our group has demonstrated a synthetic approach that leverages both AFPS, NCL, and high-throughput screening of refolding 
conditions for the production of elusive full-length proteins. “G” represents a thiol-reactive leaving group that is typically utilized in NCL reactions. 

terminal fragment (residues 162, Figure 2) which presented a 

Dawson linker,30 and the C-terminal fragment (residues 63166) 

using AFPS technology and fluorenylmethyloxycarbonyl (Fmoc)-

based solid-phase peptide synthesis strategies.31 Further, a 

biotin tag was incorporated at the Gly-1 residue, enabling the 

resulting protein to be used in affinity selection-based discovery 

platforms to identify novel ligands for CypA protein. 

 The synthesis of the N-terminal fragment featuring 3-amino-

4-(methylamino)benzamide (MeDbz) was highly efficient. To 

activate the MeDBz group, the N-terminal fragment was treated 

with 4-nitrophenyl chloroformate and N,N-

Diisopropylethylamine, resulting in the activated N-terminal 
fragment possessing N’-methyl-benzimidazolinone (MeNbz).32 

Upon activation, the peptide fragment was cleaved from the resin 

using trifluoroacetic acid (TFA)-based cleavage cocktails (see SI 

Section2 for details).33 Subsequently, the crude reaction mixture 

was purified by reverse-phase HPLC (RP-HPLC) to afford 7.4  

mg of the purified N-terminal fragment (3.7% overall yield, Figure 

2C and S4). In contrast, the synthesis of the C-terminal fragment 

proved less efficient. Despite this challenge, we were able to 

obtain the purified peptide in 4.5 mg quantity after cleaving the 

peptide chain from the solid support and subsequently purifying 

it using RP-HPLC (1.6% overall yield, Figure 2C and S6). 

 The NCL reaction between the purified N-terminus and the 

C-terminus successfully delivered the full-length CypA protein 

(Figure 3A). Specifically, 4.5 mg of N-terminus featuring a 

MeNbz unit (0.55 mol), was dissolved in an NCL buffer (6.0 M 

Gdm•HCl, 200 mM NaPi, 44 mM 4-mercaptophenylacetic acid 

(MPAA), 22 mM Tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), pH = 7.2) to form a 3.0 mM peptide solution. Meanwhile, 

in a separate tube, 1.2 equivalent of purified C-terminal fragment 

(0.66 mol) was dissolved using the same ligation buffer under 

an inert atmosphere. Once dissolved, these solutions were 

mixed and the resulting solution was placed in a 37 ºC water 

bath. Remarkably, the reaction reached completion within 4 

hours, with some N-terminus hydrolysis side products observed. 

 The solubility difference between full-length CypA, and other 

species in the reaction mixture enabled the development of a 

rapid purification approach. Traditionally, the purification of 

ligated products necessitates laborious HPLC purification 

procedures, often resulting in handling losses and low yields.30 

During our investigation, it was discovered that the full-length 

CypA protein chain is more hydrophobic than its components 

(i.e., CypA N-terminus and C-terminus). To exploit this property, 

the NCL reaction mixture was diluted with 4 ºC water (30-fold) 

and rapidly frozen using liquid nitrogen. The frozen sample was 

then incubated at 37 ºC until it was thawed into a cloudy mixture, 

which was centrifuged at 4000 rpm for 10 minutes to form a 

pellet. Remarkably, this pellet predominantly contained the 

desired full-length ligated product (purity level ≈ 70% by RP-

HPLC), with a minor presence of the N-terminal hydrolysis 

product. To further refine the pellet, it was dissolved in a mixture 

of acetonitrile and water (1:1) containing 0.1% TFA, followed by 

freeze-drying overnight. The resulting lyophilized powder, 

containing both the ligated product and the N-terminal hydrolysis 
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product, was then directly transitioned to the folding step without 

requiring additional purification. 

 High-throughput evaluation of a wide range of refolding 
buffers using the differential scanning fluorimetry (DSF) platform 
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Figure 2. Automated fast-flow synthesis (AFPS) unveils rapid access to synthetic full-length CypA.  A. Amino acid sequence of full-length CypA while methionine 
residues were replaced with norleucine. B.  Proposed synthetic approach leveraging both AFPS and NCL methods for the production of full-length CypA. C. Shown 
are characterizations of CypA fragments, N-terminus (crimson) and C-Terminus (green), by RP-HPLC using UV detection at 214 nm, the mass-to-charge spectrum 
of the total ion current post-injection on a Q-TOF LC-MS instrument, and the deconvolution mass spectrum analysis (insets).

enabled the rapid optimization of the refolding strategy (Figure 

3B).34 After successfully obtaining the pellet containing the full-

length ligated product of L-CypA, the synthetic protein was 

dissolved with a denaturing buffer containing 6 M Gmd•HCl with 

a concentration of 20 mg/mL and subsequently transferred to 

PCR tubes (200 L). Various additives and buffers were added 

to these tubes to facilitate the refolding process. The resulting 

protein solutions with a concentration of 2.0 mg/mL were then 

incubated at 4 ºC for 16 hr before undergoing further analysis by 

DSF (see SI-Section 5 for details).  

 The overall trend from DSF experiments indicates that 

conditions involving the rapid dilution of Gmd•HCl lead to the 

formation of precipitates, regardless of the additives used 

(Figure 3B; Condition S12). Nevertheless, the presence of 1M 

Gmd•HCl in the refolding buffer aids in the proper folding of L-

CypA (Figure 3B; Conditions S8, S9). It was hypothesized that 

the gradual removal of the denaturant is necessary for this 

challenging protein to establish essential non-covalent 

interactions within itself.35 In line with this hypothesis, attempts 

involving serial dilution and on-column SEC folding of L-CypA 

resulted in the formation of aggregates exceeding 85% (Table 1, 

entries 12). Consequently, dialysis was employed to promote 

folding.36 The SEC analysis of the refolding condition, utilizing 

the use of 3 MWCO dialysis cassettes and a refolding buffer 

containing 1.1 M Gdm•HCl, 55 mM Tris, 21 mM NaCl, 0.88 mM 

KCl, 10 mM DTT (pH 8.2) revealed the emergence of a new peak 

eluting at a similar time as the recombinant CypA protein (Table 

1, entry 3). It was later found that the absence of Gdm•HCl in the 

refolding buffer drastically improves the refolding efficiency to 

51% (entry 4). Additionally, using  KPi buffer (57%, entry 5) for 

the refolding experiment was demonstrated to yield superior 

results. Efforts to enhance the efficiency of the refolding process 

by introducing additives such as salts, surfactants, and 

oligosaccharides which could avoid the formation of aggregates, 

did not significantly improve the outcome (<59% yield, entries 

68).37 

 The scalability of the refolding reaction was demonstrated 

using a synthetic full-length L-CypA protein chain. Specifically, 

2.1 mg of lyophilized powder containing L-CypA pellet was 

dissolved using a denaturing buffer to form a 5 M protein 
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solution. Subsequently, the resulting solution was transferred 

into a dialysis cassette and dialyzed under Condition 5 (Table 1, 

entry 5) for 16 hr at 4 ºC. The dialyzed material is then purified 

 
Figure 3. A single native chemical ligation enables the generation of synthetic full-length L-CypA. A. Monitoring NCL reaction by analytical RP-HPLC and LC-MS. 
RP-HPLC chromatogram and LC-MS analysis (inset) of NCL reaction at t = 1 min (a.), RP-HPLC chromatogram and LC-MS analysis (inset) of NCL reaction at t = 
4 hr (b.), RP-HPLC chromatogram (c.), the mass-to-charge spectrum of the total ion current post-injection on a Q-TOF LC-MS instrument (d.), and the deconvolution 
mass spectrum analysis of the semi-purified NCL pellet (e.). B. Workflow for the rapid evaluation of refolding conditions by differential scanning fluorimetry (DSF) 
and corresponding thermal melting profiles of selected entries (Condition S-8: 1.1 M Gdm•HCl, 1.0 mM EDTA, 440 mM L-Arg, 55 mM Tris, 21 mM NaCl, 0.9 mM 
KCl, pH = 8.2; Condition S-9: 1.1 M Gdm•HCl, 1.0 mM EDTA, 880 mM L-Arg, 55 mM Tris, 21 mM NaCl, 0.9 mM KCl, pH = 8.2; Condition S-12: 880 mM L- Arg, 
55 mM Tris, 21 mM NaCl, 0.9 mM KCl, pH =8.2 see supporting information for further details).

size exclusion chromatography to afford 77 g folded protein 

(3.7% yield).  

 The quality of the synthetic folded L-CypA was validated 

using analytical RP-HPLC (Figure 4a), LC-MS (Figure 4bc), 

and SEC (Figure 4h). To confirm that the biological activity of 

synthetic CypA matches that of recombinant protein, the binding 

affinity of both CypA proteins for cyclosporine A, a known binder 

of CypA, was examined using time-resolved fluorescence 

resonance energy transfer (TR-FRET). The study involved 

biotinylated recombinant and synthetic L-CypA, which were 

complexed with terbium-labeled streptavidin and then incubated 

with cyclosporine A, tagged with 4,4-difluoro-3a,4adiaza-s-

indacene (BODIPY). The binding interaction was detected 

through an increase in fluorescence signal between the 

fluorophores (detailed in SI Section 7). The TR-FRET 

experiments indicated that the synthetic protein (KD = 80 ± 29 

nM; Figure 4A.d) has a 2.8 times lower affinity for cyclosporine 

A than the recombinant version (KD = 29 ± 5 nM). Although it is 

still functional, the lower activity of the synthetic CypA might stem 

from the substitution of native methionine units with norleucine 

residues due to oxidation issues.38 

 The peptide-prolyl isomerase (PPI) activity of CypA, which 

involves the interconversion of the cis and trans isomers of 

proline residues within peptides, was successfully demonstrated 

for the synthetic proteins (Figure 4e).1 Fischer and others 

described a colorimetric assay where chymotrypsin cleaves the 
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C-terminal amide bond of a model peptide, Suc-Ala-Ala-Pro-

Phe-p-nitroanilide.37-39 While the cis form of the model peptide is 

the dominant species at 22 ºC, it was found inactive towards 

hydrolysis.39 On the other hand, the trans form rapidly undergoes 

chymotrypsin-mediated cleavage, releasing 4-nitroaniline that 

readily absorbs at 390 nm. In the assay, externally introduced  

Table 1. Evaluation of folding conditions to generate functional full-length synthetic L-CypA.a 

aConditions: Synthetic L-CypA pellet (0.11 mmol) was dissolved in reductive denaturing buffer (6 M Gdm•HCl, 100 mM NaPi, 10 mM DTT, pH 8.0) to generate 20 µM protein 

solution. bThe reduced protein (110 nmol) was then subjected to serial dilution (100x) with a buffer consisting of 1.1 M Gdm•HCl, 55 mM Tris, 21 mM NaCl, 0.88 mM KCl, pH 

= 8.2 to facilitate its refolding.  cThe reduced protein (110 nmol) was then directly injected into an SEC column and eluted with a refolding buffer (55 mM Tris, 21 mM NaCl, 0.88 

mM KCl, pH = 8.2) to facilitate its refolding. d The reduced protein (110 nmol) was further diluted to 6 µM using the reductive denaturing buffer and was subsequently transferred 
to 3 kDa MWCO dialysis cassettes. The final solution was dialyzed against refolding buffers at 4 °C (2–16 h). For details, see the SI.   

CypA is expected to promote the isomerization of peptide-prolyl 

bond, making the trans form available continuously, thereby 

increasing the observed rate of hydrolysis.  

 To prepare this assay, Suc-Ala-Ala-Pro-Phe-p-nitroanilide 

was dissolved in trifluoroethanol (TFE) containing 0.45 M LiCl to 

form a 16 mM peptide solution.39,40 Meanwhile, a 60 mg/mL 

chymotrypsin solution in 1N HCl was prepared. The 

chymotrypsin solution and varied quantities of the synthetic L-

CypA were mixed, further diluted with assay buffer, and allowed 

to incubate at 4 ºC for 10 minutes. Upon reaching thermal 

equilibrium, the peptide solution was rapidly mixed with the 

reaction solution, and the absorbance at 390 nm was 

immediately recorded. Despite a strong background reaction in 

the absence of a PPI, the results indicated that the addition of 

synthetic CypA significantly increased the reaction rate, 

demonstrating that the chemically synthesized protein exhibits 

functional properties. 

 The developed procedure for synthesizing functional full-

length L-CypA was proved applicable for producing its mirror-

image version, D-CypA. Accordingly, the AFPS-mediated 

synthesis of the C- and N-terminus of CypA was achieved while 

exclusively using mirror-image amino acid building blocks.18,21–

23,25,36 The resulting peptide chains were subjected to preparative 

RP-HPLC purification to afford purified C- (3.9% yield) and N-

terminus (2.7% yield) fragments. Subsequently, the purified 

peptide chains were utilized in an NCL reaction affording full-

length D-CypA pellet upon treating crude reaction mixture with 

prechilled water. Refolding the unpurified D-CypA pellet using 

Condition 5 generated folded mirror-image CypA (3.5% yield; 

Figure 4fj). LC-MS (Figure 4fg) chromatograms, analytical 

SEC (Figure 4h), and the SDS-PAGE gel (Figure 4i) of the D-

CypA strictly bear a resemblance to those of synthetic L- and 

recombinant CypA. Further, the circular dichroism spectrum of 

D-CypA closely matches the inverted version of the spectra 

obtained for the synthetic L- and recombinant CypA (Figure 4j), 

consistent with the expectation that the folded conformation of 

the two proteins will be identical through the mirror plane. 

Conclusion: 

 In summary, the report presents the chemical synthesis of 

full-length Cyclophilin A proteins. By leveraging automated flow 

peptide synthesis, native chemical ligation techniques, and high-

throughput evaluation of refolding conditions, we successfully 

obtained folded synthetic full-length L- and D-CypA proteins 

while minimizing the handling and purification steps that are 

required for conventional CSP. The confirmation of functionality 

was established through the cyclosporin binding and PPI assays. 
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Moreover, synthetically accessed full-length L- and D-CypA 

proteins hold the potential to serve as tools to identify novel 

probes, and ligands to inhibit numerous diseases, thereby 

opening up new possibilities for further research and applications 

in various fields.  

 

Figure 4. Analytical and biophysical characterization of folded synthetic full-length CypA proteins. Characterization of folded L-CypA: For the folded L-CypA 
characterization, the total ion current (TIC) chromatogram post-injection on a Q-TOF LC-MS instrument (a), the mass-to-charge spectrum of the total ion current (b), 
the deconvoluted mass spectrum (c),  the TR-FRET binding assay (d) measuring FRET efficiency between BODIPY-labeled cyclosporin A (CspA) and terbium 
streptavidin that is attached to biotin-containing synthetic L- or rec-CycA proteins, and the results of the peptidylprolyl isomerase (PPIase) activity assay for synthetic 
L-CycA (e) were analyzed. For the folded D-CypA characterization, the mass-to-charge spectrum of the total ion current (f), the deconvoluted mass spectrum (g), 
analytical SEC of rec-CypA, synthetic L- and D-CypA using UV detection at 214 nm (h), SDS-PAGE gel of synthetic D- and L-CypA (MW: ≈18.8 kDa), and rec-CypA 
(MW: ≈21.5 kDa) (i), and circular dichroism spectra (j), which were recorded from 200 nm to 260 nm over a 0.1 cm pathlength at a protein concentration of 0.1 
mg/mL using 50 mM KPi (pH 8.0) at 22 ˚C, were analyzed. The asterisk (*) in the TIC spectrum marks the primary product peak, corresponding to the integrated 
mass-to-charge and deconvoluted mass spectra shown in (b) and (c).
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