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Abstract 

Mirror-image biological systems have the potential for broad-reaching impact in health and 

diagnostics, but their study has been greatly limited by the lack of routine access to synthetic D-proteins. 

We demonstrate that automated fast flow peptide synthesis (AFPS) can reliably produce novel mirror-

image protein targets without prior sequence engineering. We synthesized 12 D-proteins, along with 

their L-counterparts. All 24 synthetic proteins were folded into active structures in vitro, and 

characterized using biochemical and biophysical techniques. From these chiral protein pairs, we chose 

MDM2 and CHIP to carry forward into mirror-image phage display screens, and identified macrocyclic 

D-peptides that bind the recombinant targets. We report 6 mirror-image peptide ligands with unique 

binding modes: three to MDM2, and three to CHIP, each confirmed with X-ray co-crystal structures. 

Reliable production of mirror-image proteins with AFPS stands to enable not only the discovery of D-

peptide drug leads, but to the study of mirror-image biological systems more broadly. 

 

 

 

 

 



Introduction 

The biomolecules active in the central dogma: DNA, RNA, and proteins, are universally 

homochiral. Their unnatural enantiomers (L-DNA, L-RNA, and D-proteins) are the mirror-images of their 

natural counterparts, and still carry out their biochemical function, but with inverted enantiomeric 

selectivity1,2. Currently, these mirror-image biomolecules can only be accessed by total chemical 

synthesis; the molecular cloning techniques ubiquitous in modern biology necessitate a large repertoire 

of components that have not yet been produced in their mirror-image forms. Recent work3,4 has 

underlined the critical need for reliable access to mirror-image proteins to enable the development of 

potential therapeutics and to further explore biotechnological applications of mirror-image systems. 

Accordingly, a major driver of new methods in protein chemical synthesis5 has been to enable the 

routine access to D-proteins of useful length. To this end, we envisioned that a newly reported protein 

synthesis technique, automated flow peptide synthesis (AFPS)6 could significantly increase the rate of 

D-protein production.  

One of the foremost applications of D-proteins is in the discovery of biologically stable D-peptide 

ligands to the native L-protein 7. Such ligands are starting points for development of molecular probes 

and drugs, given their extremely long half-lives within living systems8, so their identification is a major 

area of research in academia and industry. One such technique to identify D-peptide ligands from 

synthetic D-proteins is mirror-image phage display (MIDP). A library of L-peptides displayed on phage 

surfaces are selected against a bait D-protein, and the resulting enriched peptide ligands when 

produced in their D form bind to the native L protein. First reported almost 30 years ago MIDP has been 

applied to a number of important protein targets, but has not yet been implemented broadly. As 

highlighted by the 2018 Nobel Prize awarded in part for the development of phage display, these display 

techniques have become ubiquitous, but examples of screening on D-proteins remain rare – to the best 

of our knowledge, MIDP has only been applied to nine protein targets7,9–19 .  

A significant limitation to the widespread adoption of mirror-image display platforms relates to 

the challenges associated with accessing useful amounts of the required synthetic D-proteins. Modern 

chemical synthesis techniques have enabled access to synthetic proteins, but are not always practical 

or sufficiently dependable20,21. Accessing sufficient amounts of folded synthetic protein to carry out 

phage display screening can require significant effort and expertise to define and optimize a suitable 

synthetic route. This is further complicated by the fact that the requisite protected D-amino acids are 

~10-times more expensive than their L-counterparts4. Such considerations have driven the 

development of new methods to enhance access to synthetic proteins. We recently reported a protocol, 

we termed automated fast-flow peptide synthesis (AFPS, Fig. 1)22, that utilizes highly optimized flow 



chemistry to produce long peptides (> 50 AAs) with unmatched purity. With this protocol, we recently 

demonstrated the one-shot synthesis of proteins that had previously had taken days6. We anticipated 

that this technology could overcome sequence-dependent complications that are ubiquitous in the 

production of novel protein targets that would be of therapeutic interest.  

 Here, we applied AFPS to a panel of 12 diverse proteins, eight of which had not been previously 

synthesized by chemical methods in either chiral form, and used two target pairs to generate high-

affinity peptide ligands. We could successfully isolate milligram amounts of 12 proteins in both L- and 

D-forms (24 total proteins) (Fig. 2). Taken together, these syntheses represent a major fraction of the 

total number of D-proteins reported in the past five years (12 out of 36 reported targets2–4,11,12,16–18,23–

31,31–37). We aimed to apply a recently reported screening platform based on phage display to generate 

high-affinity conformationally constrained (“stapled”) α-helical peptides, termed Helicons, in a single 

MIDP screening pass38. We used this platform to discover Helicons that bind to two of the D-proteins 

we synthesized here, MDM2 and CHIP. The resulting hits included a total of six distinct families of 

mirror-image Helicons, three to MDM2, and three to CHIP. Analysis of D-peptide-target X-ray co-crystal 

structures revealed in some cases similar side-chain interactions to known binders that utilize different 

structural scaffolds, including unstructured loops, and α-helices with opposite handedness. The rapid 

generation of high-affinity mirror-image binding modes made possible with AFPS coupled to modern 

Helicon phage display affinity selection represents a major advance in improving the throughput and 

general accessibility of MIPD, and is poised to revitalize campaigns to generate mirror-image binders 

to existing and emerging protein targets.   

 



 

Figure 1. Rapid generation of D-peptide binders leverages automated flow protein synthesis 
coupled with mirror-image phage display. Automated flow protein synthesis can rapidly manufacture  
proteins with L- or D-amino acids. Subsequent folding and biochemical purification of each polypeptide 
chain affords synthetic protein pairs which are mirror-images of each other. Phage display screening 
of the D-protein enantiomer with stapled alpha-helical peptides, termed Helicons, can reveal sequences 
with low-micromolar binding affinity. Mirroring of the hit Helicons from L- to D-chirality affords binders 
to the native L-protein with the same affinity. 

Results 

Synthesis of enantiomeric protein pairs with AFPS 

We first defined a panel of 12 structurally diverse single-domain proteins for generation of 

synthetic L- and D-versions using AFPS (Fig. 2). Two of these proteins, MDM210 and Barnase39, were 

previously prepared in their all-D forms (see SI Sections 5.1 and 5.3), so can be used to assess the 

reliability and fidelity of the AFPS approach. We also chose two proteins that had previously only been 

synthesized in their native L-forms: Myc-Max, and Max-Max40 (see SI Sections 5.11 – 5.17). We chose 

an additional eight single-domain proteins ranging in length from 70-132 amino acids with no reported 

chemical synthesis: ERG (PNT domain), (see SI Section 8.2) IRAK2 (death domain) (see SI Section 

5.4), CHIP (tetranucleotide repeat domain) (see SI Section 5.5), NEMO (coiled coil domain) (see SI 

Section 5.6), FKBP12 (see SI Section 5.7), BCL11a (Zn finger domains) (see SI Section 5.8), YAP1 

(ww1-ww2 domains) (see SI Section 5.9) and NEMO_iZIP (coiled coil domain with iZip adapters41) (see 

SI Section 5.10). In all cases, we appended a biotin unit at the N-terminus of the protein through a 

PEG12 linker to facilitate phage display screening.  



  

Figure 2. Automated flow synthesis delivers diverse single-domain protein chains in both 
enantiomeric forms. Analytical characterization of reverse phase-purified L- and D-chains from AFPS. 
Green traces show characterization of L-proteins, and blue traces show characterization of D-proteins. 
For each protein target, the following data are shown: (1) analytical HPLC trace of purified material 
recorded at 214 nm (bottom overlayed chromatograms); (2) total ion current (TIC) post-injection on a 
Q-TOF LC-MS instrument (separate insets on the left); and (3) the deconvolution of the TIC traces of 
(2) shown as overlayed insets on the right. Observed masses from the deconvolution are shown along 
with the predicted values. Previously reported structures are depicted for each of the targets, sourced 
from prior X-ray crystal structures, NMR structures, or Alphafold predictions42,43 (MDM2: 3FDO, ERG: 
1SXE, Barnase: 1A2P, IRAK2: 3MOP CHIP: 4KBQ, NEMO: 3BRV, FKBP12: 2PPN, BCL11a: 6KIK, 



YAP1: Alphafold prediction of Uniprot ID P46937 region 63-276, NEMO_iZIP: 6MI3, Myc-Max: 1HLO, 
Max-Max: 1NKP). 

We used AFPS to prepare each polypeptide chain in a stepwise fashion, with total synthesis 

times ranging from 4-7 hours, using three separate AFPS instruments. After we released the proteins 

from the H-Rink Amide solid support, we isolated them by precipitation with cold diethyl ether (see SI 

Sections 3 and 2.3). We used analytical reverse phase HPLC (RP-HPLC) and liquid chromatography–

mass spectrometry (LC-MS) to analyze crude peptide mixtures and preparative mass-directed RP-

HPLC to purify them. We typically obtained ~5 µmol of crude polypeptide powder from individual 

synthesis runs, and purifying ~3 µmol of this material afforded ~0.3 µmol of pure peptide. Gradient 

shape for the preparative purification was determined by a preliminary run at low protein loading on the 

same column used for purification (see SI Section 2.6). Typical yields are on the order of 1-10 mg 

(0.07–0.7 µmol, 0.3%–3% isolated yield based on resin loading). In all instances, a single synthesis 

experiment afforded sufficient material after folding for phage selections and biochemical validation. 

Folding of diverse D-proteins with preparative size exclusion chromatography 

Using a generalized folding protocol, each synthetic protein was folded to a homogeneous 

product as analyzed by size-exclusion chromatography (SEC). We set out to identify appropriate folding 

conditions for our 12 enantiomeric protein pairs and began by adopting the protocols that had been 

used to successfully isolate folded protein in aqueous solution for the few targets for which literature 

reports exist. Specifically, our group has previously isolated L/D Barnase6 and L/D MDM244 via stepwise 

dilution from a high concentration of guanidine hydrochloride. Subsequent purification using semi-

preparative SEC achieves yields ranging from 4.5 to 10.6 nmol for all four targets. Here, using this 

technique, we were unable to identify any dilution conditions under which we could isolate folded 

BCL11a or IRAK2. Instead, we observed significant precipitation for both target pairs, with any 

remaining solubilized material eluting in the exclusion volume of the column, indicating an apparent 

molecular weight at least 10-fold over the expected value, consistent with the formation of soluble 

aggregates.  



 

Figure 3. After folding, synthetic proteins obtained by AFPS are homogeneous by size exclusion 
chromatography. Analytical size exclusion chromatography traces are shown for each L- and D-
protein described in Fig. 2. Samples were seperated on a Superdex 75 Increase 10/300 GL SEC 
column affixed to a Agilent BioInert HPLC system. For proteins with no trpytophan or low extinction 
coefficients, spectra were recorded at wavelengths that provided sufficient signal-to-noise – either 214 
nm or 230 nm. Molecular weight standards – bovine thyroglobulin (670 kDa), bovine-globulin (158 
kDa), chicken ovalbumin (44 kDa), horse myoglobin (17 kDa), vitamin B12 (1.3 kDa) – are overlayed 
in the traces in the top row, and vertical dotted lines denoting their respective elution times are 
overimposed on each subsequent chromatogram. 



 To address these complications, we adapted a refolding technique utilizing SEC to isolate the 

remaining protein targets. Purified proteins were dissolved in a denaturing buffer, typically a 10 mg / 

mL solution containing 6 M guanidine hydrochloride buffered to pH 7.5 with 50 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) (HEPES) and including 50 mM dithiothreitol (DTT). The mixture was 

then submitted to semi-preparative SEC coupled to an HPLC instrument. The denaturant is removed 

as the protein progresses through the SEC column, and the resulting folded protein can be separated 

from off-target aggregates based on their different retention times. The running buffer of the SEC could 

be tuned to the requirements of each particular protein, but unless otherwise specified was 50 mM 

HEPES, 150 mM NaCl, 0.5 mM DTT, 5% glycerol (v/v), at pH 7.5. DTT was omitted in cases where the 

protein contained no free sulfhydryl groups (NEMO, NEMO_iZIP, Myc-Max, and Max-Max). For 

BCL11a, which contains three Zn-finger motifs, both the denaturing buffer and the running buffer were 

adjusted to contain ZnCl2 with additional alterations to prevent precipitation of Zn salts. In each case, 

the folding protocol afforded material as major elution peaks with retention times consistent with the 

calculated molecular weights (Fig. 3, SI Sections 7.1 to 7.12). This set includes BCL11a, and IRAK2 

for which we were unable to isolate folded material by any other technique. Some proteins elute as 

peaks with apparent molecular weight larger than would be otherwise expected, including CHIP, 

NEMO, NEMO_iZIP, and BCL11a. In the case of NEMO, and NEMO_iZIP, this behavior has been 

established and has been attributed to their extended structures41,45.   

 



 

 

Figure 4. Synthetic D-proteins display similar biological activity to their synthetic L- and 
recombinant counterparts.  Kinetic binding data for five synthetic protein targets to peptide ligands of 
the appropriate chirality are shown. Each of the shown D- and L-proteins display similar activity as their 
recombinant protein counterparts, and are consistent with literature reports of the same interactions. In 
all cases, experimental details are outlined in the Supporting Information. A) Synthetic D, L and 
recombinant BCL11a bind a model DNA oligonucleotide of the -globulin promoter46  with similar affinity. 
The FAM-labeled oligonucleotide was incubated with varying concentrations of biotinylated BCCL11a 
and terbium-labeled streptavidin. The chirality of DNA substrate was adjusted to the chirality of the 
target (L-DNA to D-BCL11a, D-DNA to L-BCL11a). Binding was measured as an increase in FRET 
efficiency between the FAM and terbium streptavidin. B) Synthetic D, L and recombinant CHIP bind a 
peptide model of the heat shock protein 70 (Hsp70) C-terminus with similar affinity. The chirality of the 
peptide substrate was adjusted to the chirality of the target (D-peptide to D-CHIP, L-peptide to L-CHIP). 
The FAM-labeled HSP70 peptide was incubated with varying concentrations of biotinylated CHIP and 
terbium-labeled streptavidin, and binding was measured as described in A. C) Synthetic D, L and 
recombinant IRAK2 display similar proportions of secondary structure by near circular dichroism (CD). 
CD spectra were recorded from 195 to 260 nm over a 0.1 cm pathlength at a protein concentration of 
0.1 mg/mL. D) Synthetic L, D and recombinant IRAK2 have similar melting temperatures (Tm) as 
determined by variable temperature CD. The absolute intensity of the CD spectrum at 222 nm of each 
protein was monitored from 20 °C to 100 °C in 5 °C steps. E) Synthetic D, L and recombinant Max-Max 
bind a model DNA oligonucleotide of E-box DNA40 with similar affinity. The FAM labeled DNA was 
incubated with varying concentrations of biotinylated Max-Max, and terbium-labeled streptavidin. 
Binding was measured as described in A. The chirality of DNA substrate was adjusted to the chirality 



of the target (L-DNA to D-Max-Max, D-DNA to L-Max-Max). F) Synthetic D, L and recombinant Myc-
Max bind a model DNA oligonucleotide of E-box DNA40 with similar affinity. The FAM labeled DNA was 
incubated with varying concentrations of biotinylated Myc-Max and terbium-labeled streptavidin. 
Binding was measured as described in A. The chirality of DNA substrate was adjusted to the chirality 
of the target (L-DNA to D-Myc-Max, D-DNA to L-Myc-Max). G) Synthetic D, L and recombinant ERG 
display similar proportions of secondary structural features by near circular dichroism (CD). CD spectra 
were recorded as described in C. H) Synthetic L, D and recombinant ERG have similar melting 
temperatures determined as described in D. I) Synthetic D, L and recombinant MDM2 bind a peptide 
model of the p53 protein with similar affinity. The FAM labeled p53 peptide was incubated with varying 
concentrations of biotinylated MDM2 and terbium-labeled streptavidin. Binding was measured as 
described in A. The chirality of peptide substrate was adjusted to the chirality of the target (D-peptide 
to D-MDM2, L-peptide to L-MDM2). J) and K) Synthetic L- and D-barnase, respectively, selectively 
catalyze the hydrolysis of a stereochemically matched RNA substrate. An RNA substrate labeled with 
FAM and TAMRA separated by a barnase cleavage site was prepared in both the L- and D-forms. Each 
substrate was incubated with L-barnase (J) and D-barnase (K), and catalytic activity was measured as 
an increase in fluorescence intensity after barnase addition. No cleavage for the mismatched substrate 
pairs (L-RNA to L-barnase and D-RNA to D-barnase) was observed. L) Table summarizing the 
experimentally determined binding constants, melting temperatures, and kinetic constants for the 
reported synthetic proteins (n.d. = not determined).  

 

Synthetic D- and L-proteins display correct biochemical activity 

 For each enantiomeric pair generated using AFPS, we used biochemical assays to confirm that 

the activities of the synthetic proteins are similar to their recombinant versions. For proteins with known 

high-affinity binding partners, we measured the affinities of the synthetic proteins to fluorophore-tagged 

probes of the appropriate chirality using time-resolved fluorescence resonance energy transfer (TR-

FRET). Binder substrates were modified with 5(6)-carboxyfluorescein (FAM), and the biotinylated target 

proteins were complexed with terbium-labeled streptavidin. Binding was measured as an increase in 

fluorescence quenching between the two fluorophores. For BCL11a binding to DNA (Fig. 4A and SI 

Section 8.1), CHIP binding to HSP peptide (Fig. 4B and SI Section 8.2), MDM2 binding to p53 peptide 

(Fig. 4I and SI Section 8.3), Max-Max binding to E-Box DNA (Fig. 4E and SI Section 8.4.1), and Myc-

Max binding to E-Box DNA (Fig. 4F and SI Section 8.4.2), each synthetic chiral protein displayed 

apparent dissociation constants (KD) for the L- and D-proteins to be consistent with those of the 

recombinant proteins (Fig. 4M). We next used surface plasmon resonance (SPR) binding assays with 

substrates of the matching chirality to asses binding of NEMO to iKKb peptide (see SI Section 8.7), 

NEMO_iZip binding to iKKb peptide (see SI Section 8.10), YAP1 binding to dendrin (see SI Section 

8.9), and L-FKBP12 binding to Rapamycin followed by mTOR (see SI Section 8.8). Again, in all 

instances, the synthetic proteins displayed binding affinities similar to the recombinantly derived 

proteins, suggesting that the synthetic proteins derived from AFPS are folding into bioactive tertiary 

structures.  



Synthetic L/D barnase from AFPS displays ribonucleolytic activity that is selective for the chirality 

of its nucleotide substrate. Barnase catalytically cleaves a fluorescently quenched reporter RNA 

substrate47 composed of a tetranucleotide flanked with FAM and 6-carboxytetramethylrhodamine (6-

TAMRA) labels  on either end (FAM-DdA-DrU-DdA-DdA-TAMRA), where each nucleotide is specified 

as the L- or D-enantiomer and the ribose (r) or deoxyribose (d) sugar. We tracked the barnase-mediated 

cleavage of substrate by assessing the FRET between the FAM and TAMRA fluorophores, which is 

abolished upon cleavage. When the chirality of the substrate and protein were matched, as for L-

barnase to the D-substrate FAM-DdA-DrU-DdA-DdA–TAMRA, and D-barnase to the L-substrate FAM-

LdA-LrU-LdA-LdA–TAMRA, we observed rapid hydrolysis with extracted kinetic constants that are 

similar to previously reported values (Fig. 4J,K)39. In the mismatched cases, L-barnase to L-substrate 

and D-barnase to D-substrate, we observed no catalysis on the timescale of our observation (Fig. 4J,K) 

(see SI Section 8.5). These results reconfirm the structural and biological integrity of the folded synthetic 

proteins, indicating that their enantiomeric purities are retained throughout the synthesis and 

purification processes.  

For protein targets with no known binding partners and no available assays to assess enzymatic 

activity exists (ERG and IRAK2), we recorded circular dichroism (CD) spectra and compared them to 

recombinantly derived material. Both targets are reported to be mostly alpha-helical48,49, and we could 

confirm this for the recombinant proteins. The CD spectra for the synthetically derived L-proteins closely 

matched those of the recombinant versions, indicating that the synthetic material is forming secondary 

structures in similar proportions (Fig. 4C and G) (see SI Section 8.6.1). Both D-ERG and D-IRAK2 

display a CD signal with similar absolute intensities as the corresponding synthetic L- and recombinant 

proteins, but with inverted sign, consistent with the formation of mirror-image secondary structures. 

Furthermore, we found that both synthetic protein pairs form folded structures with melting 

temperatures (Tm) close to those of the recombinantly derived protein, as shown by tracking the 

intensity of the α-helical signature as a function of temperature (Fig. 4D and H) (see SI Section 8.6.2). 

Together, these data suggest that the synthetically derived L/D ERG and L/D IRAK2 form tertiary 

structures that closely resemble the native proteins.  

Generation of D-peptide ligands using mirror-image phage display 

 Having validated the structure and function of our synthetic D-proteins, we next set out to identify 

unique D-peptide binders to the corresponding native proteins using our next-generation MIPD 

platform38. We were able to screen two immobilized synthetic protein targets, MDM2 and CHIP, 

simultaneously in a single round of screening using an unbiased phage library of 108 members that 

display macrocyclic α-helical peptides (Helicons). We sequenced phage particles that remained bound 



to the targets after washing using next-generation sequencing. Comparisons of sequencing reads to a 

spiked-in internal reference allowed for a semi-quantitative read-out of binding affinity as a function of 

protein bait concentration (see SI Section 2.7). The resulting hit sequences that displayed proper dose-

response were clustered into binder families using hierarchical statistical clustering.  

Previous work has identified D-peptide ligands to MDM210, and we set out to investigate if we 

could recapitulate these sequences and further discover novel binding motifs. From a single-round 

screen, we identified three binding clusters (MDM2.C1-MDM2.C3) selective for D-MDM2 (Fig. 5A and 

SI Section 9.1). Consistent with previously described α-helical peptide binders to MDM250,51, all three 

clusters contain anchoring N-terminal tryptophan residues(dW2 in MDM2.C1, dW1 in MDM2.C2, and 

dW1 in MDM2.C3), and show conserved hydrophobic residues on the same  α-helical face as the 

tryptophan(i,i+4/5 and i,i+8/9 relative to dW on each cluster). To validate the specificity of each binding 

cluster, we synthesized representative binding peptides in the D-form (D-H101 from MDM2.C1, D-H102 

from MDM2.C2, and D-H103 from MDM2.C3) and measured binding with SPR against recombinant 

MDM2. We observed binding constants of 5.5M, 2.4 M, and 0.88 M, respectively, as determined 

by SPR assays using recombinant MDM2 (Fig. 5B-D and SI Section 8.11). 

 To further investigate the binding modes of each binding cluster, we solved the X-ray co-crystal 

structures of D-H101 (Fig. 5B, 1.64 Å), D-H102 (Fig. 5C, 1.30 Å), and D-H103 (Fig. 5D, 1.90 Å) with 

recombinant MDM2 (see SI Sections 10.1 and 10.3). All three peptides form left-handed α-helices that 

engage the same hydrophobic groove on MDM2, but make use of different side chain interactions. In 

particular, D-H101 and D-H102 use similar amino acids to interact with MDM2 at its N-terminus 

(dW5/dW4, dY6/dH6, and dF9/dY9), but diverge towards the C-terminus where the side-chain 

conformations are altered (dQ12/dF12, dV13/dV13, and dE16/dF16) (Fig. 5B-C). Beyond the 

conserved N-terminal aromatic residues, D-H103 makes use of substantially different side-chain 

interactions than either D-H101 or D-H102. (Fig. 5D vs Fig. 5B-C).  

Consistent with their sequence similarities, D-H101 utilizes similar side-chain interactions to two 

previously reported α-helical peptide binders to MDM2. Overlay of the known D-peptide MDM2 binder 

dPMI[1-5, 9-12]50 onto the D-H101 MDM2 co-crystal structure revealed that both peptides present into 

the same groove on MDM2 with the same axial direction (N->C), and make use of similar side chains 

(Figure 5E). Chemically related side chains project with similar orientations for both peptides, perhaps 

due to the peptides’ matched left-handed helices. Matching helicity is not an exclusive requirement to 

make use of similar side chain interactions, as D-H101 also uses a similar binding mode to the L-

peptide MDM2-binder ATSP-704151. The binding mode of ATSP-7041 overlaid onto D-H101 reveals 

important side-chain interactions (Figure 5F). Despite having oppositely handed helicities, both 

peptides bind into the same groove on MDM2 in the same direction, and make use of similar side chain 

interactions.  



Figure 5. Mirror-image phage display of D-MDM2 generates both novel and previously reported 
binding motifs. A) Logo plots of the three clusters that bind to MDM2, with fixed residues in grey. B-
D) For each target, the D-peptide was co-crystallized with recombinant L-MDM2, and the resulting X-
ray crystal structure is shown with important side-chain interactions highlighted in the insets. Steady-
state SPR sensorgrams are shown with binding affinity values. E-F) The co-crystal structure of D-H101 
with MDM2 is shown overlaid with known D-peptide binders dPMI-15,50 (PDB ID: 4NT5) (E) and ATSP-
704151 (PDB ID: 4N5T) (F). The insets show essential side-chain interactions. 

 

 Given the ease with which we identified D-MDM2-binding Helicons, we next applied the phage 

screening platform to identify Helicons that bind to synthetic D-CHIP that we generated in this work. 

CHIP is a member of the RING/U-Box family of E3 ligases that catalyze the conjugation of ubiquitin to 

substrates destined for proteasomal degradation52. CHIP recognizes unstructured substrates (typically 

an (I/M)EEVD motif) through a hydrophobic cleft in its TPR domain53, but there are no known α-helical, 

nor mirror-image binders. From the single-round phage screen, we identified three clusters that 

displayed robust binding to CHIP (CHIP.C1 – CHIP.C3) (Fig 5A, and SI Section 9.2). All three clusters 

feature conserved terminal residues with carboxylate functionalities (dD3 in CHIP.C1, dD1/dE2 in 



CHIP.C2, and dD12 in CHIP.C3), consistent with the conserved terminal D-residues common to known 

CHIP substrates. As well, hydrophobic residues are retained in the i,i+4/5 positions relative to the 

anchoring aspartic acid residue: dW6 in CHIP.C1, dW6 in CHIP.C2, and dA8 in CHIP.C3. To further 

investigate these binding interactions, we synthesized representative D-peptides from each cluster (D-

H201 from CHIP.C1, D-H203 from CHIP.C3, and D-H202 from CHIP.C2) and used a competition 

fluorescence polarization assay to quantitate the affinity of each D-peptide to recombinant CHIP. In this 

assay, a peptide with the N-terminal sequence of HSP70 (SSGPTIEEVD) is labeled with FAM at its N-

terminus and incubated with recombinant CHIP. Each peptide is added in turn at varying 

concentrations, and ejection of the FAM labeled peptide is measured as a decrease in fluorescence 

polarization. Using this assay, the three peptides D-H201, D-D-H203, and D-D-H202 displayed IC50 

values of 0.47 μM, 0.55 μM, and 1.23 μM, respectively (Fig. 6B-D) (see SI Section 8.12). 

To further investigate the nature of the binding modes, we solved the X-ray co-crystal structures 

of each peptide with recombinant CHIP (Fig. 6B-D, 1.72 Å, 1.59 Å, and 1.76 Å respectively) (see SI 

Sections 10.2 and 10.4). As predicted, all three peptides form left-handed α-helices to engage the same 

groove in CHIP, though D-H202 bound in the reverse direction compared to D-201 and D-203 (Fig. 6B-

D). The terminal dD/dE residues for each peptide display a similar orientation to each other and to 

CHIP-Opt, a known unstructured CHIP-binder 53 (Fig. 6B-E). D-H203 and CHIP-Opt also both retain 

terminal carboxylate-containing residues (dE3/D5), and the hydrophobic contacts of D-203 residues 

dM4 and dW7 are similar to those of P4 and L1 of CHIP-Opt respectively.  

  Overall, we demonstrate the successful application of AFPS to generate quantities of D-protein 

sufficient for high-throughput screening, and ultimate development of D-form α-helical peptides that 

bind to the therapeutically relevant MDM2 and CHIP proteins. 



Figure 6. Novel D-peptides identified from MIPD bind to recombinant CHIP. A) Logo plots of each 
identified binding cluster to D-CHIP are shown. B-D) X-ray co-crystal structures of each peptide with 
recombinant CHIP with insets highlighting important side-chain interactions (left and middle) are shown 
with competition FP traces for each peptide to FAM-HSP70-peptide bound recombinant CHIP with 
extracted kinetic constants (right). E) The crystal structure of CHIP-Opt (PDB: 6NSV) overlaid onto the 
D-H203 CHIP co-structure, with an inset highlighting important side chain interactions.  

 

Discussion 

One of the largest obstacles to fully realizing the potential of peptide science is the consistent 

and predictable production of novel protein targets, but sequence-specific complications are ubiquitous. 

Ultimately, any protein synthesis pipeline should be judged on its ability to manufacture folded proteins 

of a quality and quantity that is sufficient for the intended application. We leveraged flow synthesis to 

manufacture 24 folded synthetic proteins – 12 targets produced as both the L- and D-enantiomers. In 

so doing, we demonstrate that AFPS can form the foundation of a protein production pipeline that does 

not necessarily require the individual troubleshooting of each synthetic target. For the eight novel 

protein sequences that we report here, each was produced in a single pass using a standardized 

synthesis, purification, and folding strategy.  



Beyond this achievement, we also set out to determine if the D proteins from the AFPS platform 

could be integrated into a drug discovery pipeline. Approaches to phage display have advanced greatly 

in recent years, but newer optimized methods have rarely been applied to the screening of mirror-image 

proteins. We therefore selected two of the enantiomeric protein pairs generated here (MDM2 and CHIP) 

and applied these in a newly reported phage display screening platform to identify six families of 

macrocyclic mirror-image binding motifs, and representative peptides (Helicons) with sub-micromolar 

binding affinities. As a primary read-out of the validity of our D-proteins from AFPS, we first investigated 

whether we could rediscover the mirror-image ligands that had already been discovered against the 

MDM2. Indeed, we discovered three mirror-image clusters, and analysis of x-ray co-crystal structures 

of each revealed two binding clusters that closely recapitulated binding interactions of both L and D 

known high affinity binders to MDM2. In addition, the third cluster displayed a previously undiscovered 

mirror-image binding mode, and efforts are underway to further refine this interaction.  

Having validated our screening approach, we turned to a novel target, CHIP, and discovered its 

first D-peptide binder. We identified three novel mirror-image macrocyclic binding modes and further 

characterized each with x-ray co-crystal structures of representative D peptides complexed with the 

recombinant protein. Until now, there were no α-helical binders of CHIP, but interestingly, two of our 

identified binding motifs, although α-helical, make use of similar binding interactions to known 

unstructured biological binders.  Work is underway to translate these binding motifs into minimized cell-

penetrant units for therapeutic applications. 

Indeed, hypermodified peptides are an emerging therapeutic scaffold that can address some of 

the long-standing issues of traditional peptide-based drugs, including their short biological half-lives 

and poor cell permeability. Macrocyclized D peptides have the potential to address both of these 

issues8. Because they are not recognized by native L-proteases, D peptides display uncommonly long 

in vivo half lives54, and as a result are a privileged peptide drug scaffold. In addition, masking of amide 

hydrogens through macrocyclization as exemplified by the peptide natural products cyclosporin A55, 

kalata-b156, and the candidate PCSK9 inhibitor MK-061657, can impart potent cell permeability. These 

favorable properties are leading to a renewed interest in these scaffolds for drug discovery efforts, and 

the rapid generation of macrocyclized D peptide ligands to novel protein targets by AFPS reported here 

offers a unique approach to advance this emerging field of study. 

The rapid generation of high-affinity mirror-image binding modes made possible with AFPS 

coupled to modern Helicon phage display screening represents a major advance in the practicality of 

MIPD, and stands to revitalize campaigns to generate mirror-image binders to new and emerging 

protein targets.  
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