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Abstract: Total chemical protein synthesis provides access to entire
D-protein enantiomers enabling unique applications in molecular
biology, structural biology, and bioactive compound discovery. Key
enzymes involved in the central dogma of molecular biology have
been prepared in D-enantiomers facilitating mirror-image replication
and transcription of L-DNA. Crystallization of a racemic mixture of L-
and D-protein enantiomers provides access to high-resolution X-ray
structures of polypeptides. Additionally, D-enantiomers of protein drug
targets can be used in mirror-image phage display allowing discovery
on non-proteolytic D-peptide ligands as lead candidates. This review
discusses the unique applications of D-proteins including the synthetic
challenges and opportunities.

1. Introduction

Proteins, like other biomolecules, are composed of chiral building
blocks.™ Ribosomes recruit L- (Levorotatory) amino-acids for
catalysis, and hence recombinant proteins are largely refrained in
the L-framework. In contrast, incorporation of D- (Dextrorotatory)
amino acids into L-polypeptides requires the use of engineered
ribosomes,®l post-translational modification systems (PLP-
dependent enzyme)™ or non-ribosomal peptide synthetases
(NPRS).BI At the time of writing, proteins entirely comprised of D-
amino acids have yet to be found in nature and must be
synthesized via chemical routes. Though being more difficult to
prepare, D-amino acid proteins that fold into reciprocal chirality
possess extraordinary potentials in scientific research, spanning
from the creation of mirror-image life and mechanistic
investigations to the isolation of ultra-stable binders.®! In this
review, we will describe current research surrounding
enantiomeric proteins, including both the challenges and
opportunities.

:,""’

wanst

(MM

o

()

Biographical Sketch.

Alexander Lander (left) is a PhD student at Cardiff University working under the
supervision of Louis Luk. He obtained his BSc in Chemistry and MSc in Medicinal
Chemistry from Cardiff University, with a research placement at Instituto Quimico
de Sarria. Alex’s research focuses on utilizing D-proteins for structural studies of
antimicrobial proteins and development of D-peptide inhibitors of new drug
targets.

Yi Jin (center) is a Wellcome Trust Sir Henry Dale Fellow at Manchester Institute of
Biotechnology. She obtained her BSc and MSc in organic chemistry at Xiamen
University, China, and her PhD in enzymology in the University of Sheffield under
Jon P. Waltho and G. Mike Blackburn. After three years in protein crystallography
and chemical biology with Gideon J. Davies, FRS, FMedSci at the University of
York, she moved to Cardiff University in 2017 as a tenured University Research
Fellow and then in 2021 progressed to the University of Manchester. Her research
focuses on investigating proteins that can provide solutions to antibiotic
resistance via chemical biology that integrates chemical synthesis, protein
crystallography and NMR, and molecular biology.

Louis Y. P. Luk (right) is a senior lecturer at the School of Chemistry of Cardiff
University. He obtained his BSc in Chemistry and Microbiology & Immunology at
the University of British Columbia. He obtained his PhD at the same university
under the supervisor of Martin E. Tanner, followed by post-doctoral studies in the
laboratories of Stephen BH Kent at the University of Chicago and Rudolf K
Allemann at Cardiff University. Louis became a University Research Fellow in 2015
and recently became Senior Lecturer at Cardiff University (2020). Louis' current
research combines his training, focusing on enzyme engineering, bioconjugation
chemistry and protein synthesis



L-Alanine . 4 p-Alanine

L-Protein D-Protein

Figure 1. Proteins comprised entirely of D-amino acids fold into the mirror
image of the corresponding L-protein.

2. Research surrounding D-protein
enantiomers

2.1. Towards ‘mirror-image life’

Mirror-image life, which was first proposed by Louis Pasteur in
18607 refers to the creation of an artificial biosystem with all
macromolecules presented in their opposite enantiomeric forms.
In these self-replicating systems, L-nucleic acids serve to store
genetic information creating D-protein workforce for biological
function following the mirror-image central dogma.®® The de novo
design of living entities has gained significant attention because
of our fundamental interest in understanding the origin of life.!

Central dogma Mirror-image central dogma
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Figure 2. Recent advances in realizing mirror-image synthetic biology using D-
protein enantiomers. Representative structures for illustrative purposes as D-
ASFV pol X (PDB: 1JQE), D-Dpo4 (PDB: 3PR4), D-Pfu (PDB: 2JGU), D-LigA
(PDB:2Q2T), L5, L18 and L25 (PDB: 4YBB) constructed in PYMOL.[%

2.1.1. Creation of artificial L-polynucleotides by use of
mirror-image nucleic acid polymerases

Towards the end goal of a mirror-image living entity, D-
enantiomers of key enzymes involved in the central dogma of
molecular biology have been prepared (Figure 2).f! Template-
directed polymerizations of the enantiomeric L-DNA and -RNA
were first carried out using the D-protein enantiomer of African
swine fever virus polymerase X (D-ASFV pol X).'Y Composed of
only 174 residues, ASFV pol X is the smallest DNA polymerase
known, hence an ideal candidate for total chemical synthesis. The
longest polynucleotide successfully replicated by D-ASFV pol x
was 44 nucleotides in length but required fresh enzymes at each
cycle due to its weak thermal stability.'y A significant
advancement was achieved by preparing the 358-residue
enantiomeric P2 DNA polymerase IV (Dpo4) from S. solfataricus,
which is sufficiently stable to temperature flux and could perform
mirror-image polymerase chain reaction (miPCR).}? The D-Dpo4
could successfully create a 120-bp L-DNA sequence encoding the
E. coli 5S ribosomal RNA gene rrfB.[*?"! |ts thermostable variant
D-Dpo4-3C could assemble a full L-DNA gene encoding protein
Sso007d.12¥ Interestingly, a further-engineered variant D-Dpo4-
5m-Y12S was reported to be capable of both transcription and
reverse transcription, laying a strong foundation for the creation
of mirror-image life.[*3]

In order to create a lengthy enantiomeric gene with high fidelity,
access to polymerase enzymes with a low error rate is essential,
thus an enantiomeric derivative of Pyrococcus furiosus (Pfu) DNA
polymerase has been deduced.! Pfu is composed of 775 amino
acids reaching 90 kDa in molecular weight, rendering its chemical
synthesis challenging. To circumvent this issue, a split version of
Pfu was prepared, consisting of N- (467-residue) and C- (308-



residue) fragments. Due to the significant cost of D-isoleucine and
its association with the aggregation of peptide fragments, most of
them were replaced by other bulky residues including valine and
leucine.'! The split polymerase D-Pfu could synthesize a 1.5-kb
mirror-image gene from short, synthetic oligonucleotides.
Interestingly, because of the inherent stability towards enzymatic
cleavage, a trace amount of artificial L-DNA preserved in water
from a local pond remained amplifiable by D-Pfu after one year,
whereas D-DNA could not be amplified by L-Pfu after one day.
This work is a clear leap forward in the pursuit of mirror-image
biology. In addition, the miPCR platform is potentially useful in
molecular discovery programs generating nuclease-resistant L-
nucleotide aptamers for critical drug targets.[*?"!

2.1.2. Other life-essential, mirror-image proteins

Enantiomeric ligase is another critical enzyme that can be used to
create long stretches of L-DNA.18! Preparation of a mirror-image
ribosome is exceptionally challenging as it composes of multiple
protein and nucleotide subunits.l'”] Currently, three enantiomeric
ribosomal proteins of the large subunit of the E. coli ribosome
have been reported, including L5, L18 and L25.181 The D-
ribosomal proteins were prepared with native post-translational
modifications and interacted specifically with L-5S RNA to form a
mirror-image ribonucleoprotein complex. On the other hand,
eukaryotic ribosomes consist of 79-80 proteins and four rRNAs, ")
requiring approximately 200 non-ribosomal factors for
assembly.['¥1 Both the ribosomal proteins and rRNA itself also
bear post-translational modifications,?” adding further challenges
to their preparation.

2.1.3. Remarks

The genome of the laboratory strain E. coli K12 encodes for
approximately 4300 proteins,? but only a small fraction of their
enantiomeric counterparts have been reported.?? Many of these
proteins bear intrinsic synthetic challenges, because of their size,
post-translational modifications and folding (see section 3).
Construction of the necessary mirror-image oligonucleotides is
also a major challenge. Whilst the synthesis of relatively short
oligonucleotides is possible from L-xylose or L-arabinose,?® the
resulting oligonucleotides suffer from lower purity.**12 With the
advent of the high fidelity D-Pfu capable of assembling complex
genes,’ one might argue that this challenge is within reach.
Given the significant efforts, it is also expected that a mirror-image
ribosome from bacteria will soon be reported. In addition, mirror-
image tRNAs, tRNA synthetases, and translation factors will need
to be prepared to enable the translation of L-mRNA to D-
polypeptides. When made available, the mirror-image translation
system will be game-changing in the landscape of enantiomeric
protein synthesis. Finally, pursuit of a truly self-replicating system
will require an approach of devising a minimal cell and assembly
of each essential component in mirror-image form.

2.2. Racemic Protein Crystallography

Racemic protein crystallography utilizes synthetic protein
enantiomers for crystallization and is a technology particularly
useful at yielding atomistic structural insights.?* Unlike native L-
proteins, racemic proteins can crystallize into achiral space
groups possessing higher symmetry and order (Figure 3).2%
Solving structure based on racemic proteins can be
advantageous. As illustrated in the first example, the phase issue

in solving the structure of rubredoxin was vastly simplified,
because the space group was found to be centrosymmetric with
the crystal unit cell containing a center of inversion (Figure 3B).[2
The off-diagonal phases of the X-ray diffraction data obtained
from a centrosymmetric crystal cancel out, restricting the phases
to 0° or 180°, as opposed to the possible 0° to 360° arising from
a homochiral crystal.?4l Additionally, the centrosymmetric crystal
has high dimensionality. This generally results in rapid protein
crystallization and structure solving with high-resolution detail, in
addition to unveiling solute and ligand interactions.?* 27)
Considering the higher order of crystal symmetry and favorable
crystal growth, racemic protein crystallography has been used to
resolve X-ray structures of numerous proteins up to ultra-high
(sub-angstrom) resolution (Table 1). Indeed, 12 (20% so far) of
the reported racemic crystal structures were resolved in the
centrosymmetric space group P-1. Many quasi-racemic crystal
structures, in which the enantiomers differ slightly, are reported to
adopt the space group P1 due to a lack of true symmetry.8l
However, it is more appropriate to classify these crystals as
pseudo-centrosymmetric or “pseudo-P-1.” 25291 Almost half of the
racemic structures were resolved in centrosymmetric/pseudo-
centrosymmetric space groups, the other half were also resolved
in chiral space groups (Table 1). Notably, there are no reported
instances of a single enantiomer crystallizing into a chiral space
group from a racemate. Thus, crystallization of proteins from
racemates may have advantages beyond that explained by the
achiral space group theory (for review - see ref 24),

A Homochiral crystal B Centrosymmetric, racemic crystal

L-protein

p-protein

Asymmetric unit Asymmetric unit

Figure 3. lllustrative comparison of (A) a homochiral crystal unit cell and (B) a
racemic crystal unit cell containing an inversion center (e.g P-1).

Racemic protein crystallography has been most frequently
applied to study miniproteins containing fewer than 100 residues.
These proteins are known to be difficult to crystallize because of
their globular morphology which unfavors crystal packing.
Meanwhile, their small sizes render the chemical synthesis of
these proteins feasible (see Section 3 below for synthetic
approaches).®% Some of the unique insights generated by
racemic crystallography are listed below:

2.2.1. Quaternary states of protein

Oligomeric assemblies are thought to play a common role in the
activity of a variety of antimicrobial peptides, particularly those
acting on the bacterial membrane.Y In an aim to elucidate its
mechanism of action, the 3-sheet antimicrobial peptide originated
from Baboons (BTD-2) was chemically synthesized in both L- and
D-forms. Interestingly, racemic protein crystallography of BTD-2
revealed a novel anti-parallel trimeric form (Figure 4B). This novel
supramolecular discovery is fibril-like and is postulated to have
critical roles in membrane disruption.®? In another example,
melittin is an a-helical antimicrobial peptide isolated from
honeybee venom which is known to exert its activity by disrupting
the bacterial cell membrane. The tetrameric assembly observed
in the solution state is also present in
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Figure 4. Quaternary structures by racemic protein crystallography; (A) Melittin tetramer (PDB: 604M); (B) BTD-2 extended fibril-like structure (PDB: 5INZ); (C)
Magainin 2 phenylalanine zipper motif unaffected by $-amino acid substitutions. D-magainin 2 is shown in red and mutants L-1 (Ala) shown in blue (PDB: 4MPG),
L-2 (APC) in green (PDB: 4CGN) and L-3 (ACPC)(PDB: 5CGO) in magenta. -amino acids highlighted in orange; (D) M2-TM helix forms heterochiral coiled coils,
with a hendecad repeat identified in lipidic cubic phase (LCP, PDB: 4RWB) but absent in racemic B-octylglucoside (DL-OG, PDB: 4RWC). Mutation of sterically
disruptive isoleucine residues to alanine (DL-OG(I39A), PDB: 6MPL), (DL-OG(I142A), PDB: 6MPM) or glutamate (DL-OG(I42E), PDB: 6MPN) favored hendecad
repeat motifs in chiral lipids; (E) Quaternary structure of VEGF-A dimer bound to two D-protein antagonist molecules (PDB:4GLN). All structures were modelled in

CCP4MG 3 with data obtained from the Protein Data Bank.

DL-OG (142A)

Table 1. A decade of racemic protein crystallography (at the time of writing).

DL-OG (142E)

. . Res. PDB .
a
Protein Function Length A Space group accession Structural insights Reference
Lacticin Q Bacteriocin 53 0.96 P1 7P5R First reported crystal structure (34]
Kunitz-type serine Confirmation of novel disulfide
- A 35]
Calcicludine protease inhibitor 60 2.52 14, 6KZF surrogate bridge strategy (DADA)
homolog
rC5a-desArg 76 1.80 P1 9 New insights on C-terminal 36]
Chimeric-rC5a Rat anaphylatoxin 1.31 P212121 9 Chimeric protein probes -
g conjugated to small-molecule
rCha 1.58 P-1 9 antagonist
M2-TM © 2.00 P2i/c ARWB
[27b]
M2-TM ¢ 1.05 P-1 4ARWC
lon channel TM 2 Investigations of a heterochiral
M2-TM I39A° helix 1.55 P-1 6MPL coiled coil
M2-TM 142A° 1.40 P-1 6MPM e
M2-TM [42E° 1.40 P-1 6MPN
Melittin Honeybee venom 27 1.27 C2 604M Retention of native quaternary 38]
Ribifolin 8 0.99 P12:/n1 6DKZ
o Orbitides from Unveil structures of Jatropha 39]
Pohlianin C Jatropha 8 1.20 Pcab 6LDO orbitides
Jatrophidin 8 1.03 P121/n1 6DL1
GsMTx4 Spider venom 34 1.75 P-3 9 First reported crystal structure 140l
BTD-2 Baboon 6- 18 1.45 P-1 5INZ Novel oligomeric state resembles 122
1.50 Pl SESY Novel use of radiation damage
Snakin-1 Potato snakin 63 1.60 P21/c 5E5Q induced phasing of quasi-racemic 1“1
crystals
1.57 P21/c S5E5T
Ubiquitin 76 1.95 d g Confirm folding of synthetic protein 2]
M1-linked tri-Ubs Ubiquitin 760 1.80 P1 5G07 D-monomeric Ub can facilitate Ub 28]
’ oligomer crystallisation
M1-linked tetra- 2.18 P2, 5G0O8




K6-linked di-Ub 1.15 P1 5GOB
K11-linked di-Ub 1.73 P1 5GOC
K27-linked di-Ub 1.15 P1 5GOD
K29-linked di-Ub 1.98 P2 5GOG
K33-linked di-Ub 1.95 P1 5GOH
K48-linked di-Ub 1.59 P1 5GOI
K63-linked di-Ub 1.55 P212:2 5G0J
K11/K63-linked 1.84 P22121 5GOK
K27-linked di-Ub 152 1.55 C2 5J8P Largest true synthetic racemic 3]
. . proteins to be crystallized.
K27-linked tri-Ub 228 2.10 H3 5JBV
VHP 2.10 P-1 3TRW
VHP 230 1-4c2 3TRY Investigatipn of pemafluoro
—_— phenylalanine (FsPhe) amino 1“4
VHP (FsPhel0) 1.46 F222 3TIW acids on protein structure
VHP (FsPhel7) Vinillin headpiece 35 1.00 P1 3TRV
domain
VHP (B3-hGIn26) ! 130 P1 5I1N
VHP (ACPC26) 135 P1 5110 Investigation of beta amino acids (45]
on protein structure
VHP (83-hLys30) 1.40 P1 o P
VHP (APC30) 1.12 P1 511S
Ts3 Scorpion venom 64 1.93 P-1 5CY0 First reported structure of Ts3 46]
ini o » [47]
Magainin 2 (L-1) 1.75 1-42d AMGP Beta amino acid variants
Magainin 2 (L-2) Amphibian HDP 23 2.20 P2:2:2 5CGN investigating phenylalanine zipper .
—— motif
Magainin 2 (L-3) 1.50 P1 5CGO
ShK 0.97 P12./c ALFS Structure variation to NMR and [49]
' enantiospecific activity
B ivi i i 150]
ShK analogue Sea anemone s 1.20 H-3 AZ7P Structure activity relationships
ShK (allo-Thr13) venom 0.90 P1 5158
Investigation of side chain chirality 5y
ShK (allo-Thr31) 1.30 P12;1 515C on protein structure
ShK (allo-lle7) 1.20 Cc2 5I5A
Rv1738 M. tuberculosis 94 1.50 C12/cl 4WPY First reported structure, unknown 152]
STFI-1 Sunflower trypsin 14 1.25 P-3 4TTK
inhibitor
cvel.l Cone snail venom 22 1.70 Pbca ATTL Disulfide-rich scaffolds for drug (53]
kB1 1.90 p-1 4TTM design
kB1 (G6A) Plant cyclotide 29 1.25 P-1 4ATTN
kB1(V25A) 2.30 P-1 ATTO
Ser-CCL1 . 73 2.15 P1 401 Crystal structure of a [54]
Chemokine homogenous, glycosylated
Glycosylated 73! 2.10 P1 401K chemokine
DKP Ester Insulin 1.60 P-1 41Uz Confirm folding of synthetic 551
. Synthetic
Ester insulin hormone + 51 1.50 1213 5EN9 Confirmation of correctly folded
o derivatives synthetic protein for isotope 156]
Human insulin 1.35 12,3 5ENA experiments
VEGF- Vascular 102 + 160 P2, 4GLN First reported structure of a 571
Alantagonist endothelial growth 56 ’ un heterochiral protein complex by
complex factor A + D- racemic crystallography
Crambin analogue Thionin protein 46 1.08 P12:1 3UE7 Novel linear-loop peptide chain (293
Kaliotoxin Scorpion venom 38 0.95 P-1 30DV Basis for structure activity 58]
Omwaprin Snake venom 50 1.30 P2i/c 3NGG First reported structure 1301

2 Total amino acid length of synthetic protein enantiomer, Pcrystallized from monoolein lipidic cubic phase, °rystallized from racemic lipids ¢ data unavailable, ©

residues in D-protein enantiomer, f 73 residues + oligosaccharide, ¢ Not reported/deposited.

the racemic X-ray crystal structure (Figure 4A).B8 Similarly, the
tetrameric nature of magainin 2 was suggested to be critical for
the activity of this amphibian host defense peptide (Figure 4C).1!
Heterochiral interactions between L- and D-protein isomers
observed during structure elucidation may also lead to fruitful

development in binder creation. In the studies of the
transmembrane helix of the influenza M2 ion channel protein (TM-
M2),271 a heterochiral coiled-coil association was observed
between the two peptide enantiomers in the presence of
detergent octyl-glucoside (DL-OG) or within the monoolein lipid



cubic phase (LCP) (Figure 4D). The LCP structure shows an 11-
residue helical repeat (hendecad, 3,4,4 spacing) in the coiled-cail,
which differs from the homochiral coiled-coils that adopts a 7-
residue helical repeat (heptad; 3,4 spacing). The crystals grown
in DL-OG do not form a hendecad repeat, as steric clashes
involving 1le39 and lle42 prevent proper 3,4,4 interaction.
Substitution of these residues with alanine or glutamate produced
the hendecad repeat coiled-coil in the racemic DL-OG structure,
thus reinforcing the argument that hendecad repeat is a feature
of heterochiral coiled coils.?’@ Such heterochiral interactions can
be used to design D-proteins drugs, which are generally non-
proteolytic and non-immunogenic (see section 2.3). The resulting
drug-target complexes can also be resolved using racemic protein
crystallography to aid in rational optimization (Figure 4E).

2.2.2. Post-translationally modified proteins

While obtaining homogenous recombinantly prepared post-
translationally modified (PTM’d) proteins remains a major
technical challenge,® chemical protein synthesis offers exquisite
atomistic control and thus ensures homogeneity (see also Section
3). Racemic protein crystallography of PTM’d proteins was first
applied to the glycosylated chemokine Ser-CCL1 protein, for
which no structure was reported.’>! The protein was synthesized
in the native L-form, followed by site-specific, asparagine N-
glycosylation with the native biantennary D-glycan. Synthesis of
the corresponding D-enantiomer without glycosylation enabled
the co-crystallization of the quasi-racemic protein (Figure 5A).

Another application involves the study of branched ubiquitin
chains, where the folding of the branched protein molecules could
be solved through racemic protein crystallography. Similarly, D-
ubiquitin was prepared in unmodified form®? and used to facilitate

Glycosylated
L-Ser-CCL

B

Monomeric
D-Ub

Glycosylated
L-Ser-CCL

il

diUb
Monomerici ! ;’ v
D-Ub

crystallization of the resulting branched L-ubiquitin proteins
(Figure 5B).?81 A further example involved the preparation of
branched ubiquitin proteins in both enantiomeric forms for
racemic protein crystallography (Figure 5C), but the iso-peptide
linkages of the D-proteins contained a non-native cysteine residue
to facilitate ligation.3!

A key challenge, as presented in the former examples, is the
preparation of PTM proteins in all D-form. Glycosylated proteins
possess glycans in native D-chirality, which would require
complex synthesis from the corresponding L-carbohydrates for a
true racemic crystal. In addition, preparation of branched ubiquitin
chains requires the use of non-natural amino acids as auxiliaries
for attachment of the ubiquitin, but they often suffer from poor
ligation efficiency (see section 3.3.2).143]

2.2.3. Remarks

Challenges associated with D-protein synthesis, folding and
PTMs hamper the application of racemic protein crystallography.
The average size of a protein ranges from 283-438 residues in
length® with many bearing PTMs. Obtaining enough D-protein
for crystallization screening (generally in milligram range) remains
labor-intensive and uneconomical, typically requiring multiple
chemical steps and protein refolding. Nevertheless, racemic
protein crystallography of miniproteins remains an excellent
method for deciphering molecular interactions, particularly
serendipitous intermolecular interactions that deem difficult to
obtain using homochiral protein crystallography, solution state
NMR and/or computational structure prediction.?”. 32. 45 51
Perhaps, a more promising avenue is to conduct quasi-racemic
crystallography, where a minimal D-protein is used to facilitate
crystallization of a larger L-protein with (pseudo-)repeated
domains.?l

C

D-K27-linked

L-K6-linked diub

L-K27-linked
diUb

Figure 5 Quasi-racemic protein crystallography of homogenous, post-translationally modified proteins; A) D-Ser-CCL facilitated crystallization of glycosylated L-
Ser-CCL1 (PDB: 40IK); B) Monomeric D-ubiquitin (D-Ub) facilitated crystallization of L-K6-linked diUb (PDB: 5GOB); C) Quasi-racemic protein crystallography of
L- and D-K27-linked diUb (PDB: 5J8P). All structures modelled in CCP4MG®! with data obtained from the protein data bank.

2.3. Identification of drug candidates through mirror-image
phage display and related screening technologies

Polypeptide binders can offer significant selectivity and potency,
and hence are excellent candidates for the treatment of various
diseases and human disorders. One major bottleneck is that
many peptide candidates suffer from proteolytic degradation, both
limiting the option of the delivery methods and eliciting unwanted
immune responses caused by major histocompatibility complex

(MHC) presentation by immune cells.6Y Peptides comprised of D-
amino acids are a viable approach as they are non-recognizable
by endogenous proteases.®? It has been suggested that D-
peptide binders can be made by retro-inversion (RI) which relies
on flipping the entire peptide chain from the N- to C- termini to
offset the flip in the side chain chirality.[®® Though some success
has been seen in short binders, it was quickly discovered that this
double-flip approach did not reinstate the true peptide structure
and, in some cases, could drastically weaken the peptide
binding.®¥ Recently, binders composed of both D- and L-residues



have been developed through ribosomal engineering.®® In order
to create binders entirely composed of D-amino acids, the most
routine approach is mirror-image phage display (MIPD).[8 In
MIPD, D-enantiomers of protein targets are synthesized and
subjected to L-peptide screening (Figure 6). Due to the nature of
mirror-image symmetry, the same-sequence D-peptide will bind
to the native L-protein target with equal affinity, thus yielding an
inherently non-proteolytic peptide binder. MIPD has discovered D-
peptide binders for a range of targets (Table 2). Key examples are
summarized below:

+ Amplification

& enrichment ? Elute weak

. blnders

,7
i

3 ? '{
Phage display
, Binding to

L ¢ :'
target D-TARGET +
'9: % L-binder
Figure 6. Process of mirror-image phage display. Natural chirality L-proteins are

represented in blue, and mirror-image synthetic D-proteins are represented in
red. Purple beads represent protein immobilization.
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2.3.1. D-Peptides as potential anticancer lead candidates

Growth factor proteins and/or their receptors are overexpressed
in many types of cancer,® and hence development of their
antagonists can hinder malignant tumor growth as a form of
treatment in cancer therapy.® Consequently, enantiomeric
segments of both the epidermal growth factor (EGF) and vascular
endothelial growth factor (VEGF-A) were synthesized for MIPD.55":
89 A 12-residue linear D-peptide ligand for EGF, D-PI_4, was
identified with both binding affinity and half-maximal inhibitory
concentration (ICsg) in micromolar range.® In the case of VEGF-
A, the mini-protein GB1 was used as a template scaffold to create
a 56 residue D-mini-protein RFX001.D that has a binding affinity
as low as 85 nM.I57: 79 A heterochiral protein complex between a
vascular endothelial growth factor (L-VEGF-A) and a D-protein
antagonist was also solved using racemic protein crystallography
(Figure 4E), providing a foundation for structure-based
optimization of the D-protein antagonist.®”) Upon optimization, the
binder RFX037.D was created, increasing both binding affinity (Kp
= 6 nM vs 85 nM) and thermal stability (T, >95 °C vs 33 °C).["l
Of note, RFX037.D was non-immunogenic in mice, whereas the
L-enantiomer generated a strong immune response. In an
extension of the MIPD against VEGF-A, bivalent D-protein ligands
were also developed using orthogonal MIPD assays with two
different scaffold mini-proteins (53 and 58 residues).l’? The two
best scaffolds were connected via a covalent linkage to yield the
bivalent D-protein RFX-V1a2a, with sub-nanomolar (Kp = 0.8 nM)
affinity for VEGF-A.

Other key targets for cancer treatment are immune
checkpoints,[”®! which are often suppressed by cancer cells to
avoid recognition by the innate immune system. The
immunoglobulin-like variable (IgV) domains are known to govern
immune checkpoints, and thus enantiomeric counterparts of the

IgV domains of the programmed-cell death protein ligand 1 (PD-
L1, 124 residues) and the T-cellimmunoglobulin and ITIM domain
(TGIT, 119 residues) were synthesized for MIPD.™ After five
rounds of biopanning, binders with micromolar affinity and 1Cso
were achieved, presenting themselves as promising drug
candidates. One specific binder D-TBP-3 demonstrated
proteolytic stability and, importantly, the ability to penetrate
through tumor tissue in mice which resulted in tumor
suppression.[4"!

2.3.2. D-peptides as lead preventive therapeutic candidates

The development of potent D-peptide antagonists of the HIV-1
envelope protein gp41 was shown to prevent viral fusion and entry
into cells.l”® A trimeric version of one of the isolated candidates
could block pocket-specific viral entry with an ICsp as low as 250
pM.["%a Further pharmacokinetic optimization and synthetic scale-
up vyielded the cholesterol-conjugated trimeric D-peptide
CPT31,8 which is currently in Phase la clinical trials for the
treatment of HIV.

In another study, MIPD was used to create D-peptides with high
affinity for the microtubule-binding protein Tau, preventing self-
aggregation in the treatment of tauopathies.l’”) The hexapeptides
PHF6 (VQIINK) and PHF6* (VQIVYK) were found to promote Tau
aggregation in tauopathies such as Alzheimer’s disease, and their
enantiomers have been used as a target for MIPD.[’7-78 Notably,
two peptide candidates, MMD3 and MMD3rev, demonstrated cell-
penetrating properties, with the ability to cross the cell membrane
of neurons.["®

2.3.3. Remarks

Despite all the research efforts, there is no D-peptide therapeutic
that has yet reached the market. To our knowledge, CPT31 is the
only D-peptide candidate that has entered early-stage clinical
trials, and the estimated success rate of bringing a binder from
phase | to approval is 14%.[" Discovery of D-peptide binders
remains challenging, hampering downstream clinical research
and product development. The ultimate challenge of MIPD lies
within the preparation of the enantiomeric protein target. Not only
can size be a concern, but both the PTM and protein folding status
can also pose major synthetic challenges (see section 3 for
synthetic approaches). Except for the Tau targeting peptides,
many targets are restricted to extracellular protein domains, as
cell-penetrating properties of peptide binders are often weak. In
addition, the use of MIPD to identify competitive antagonists is
limited by the arbitrary selection of off-target binders. Efforts have
been directed to computation-based approaches with the goal to
replace the tedious synthesis with in silico studies, including the
docking of mirror-image helices derived from the PDB;E%
screening of D-tri/tetra peptides against the target active site;®4
virtual affinity maturation based on existing heterochiral
structures.!®? However, existing in silico methods suffer from a

Table 2. D-peptide binders identified through mirror-image phage display of D-protein targets in the last decade. (at the time of writing).

Protein Function Length® Name Type Lengthe Ko (uM)¢ Ref
ARQ23 Androgen receptor 46 QF2D-2 Linear 16 11 18]
Surface marker in
Annexin A1 NTD malignant tumour 16 D-TIT7 Linear 7 8.5 x10°% 84
vasculature
Tau PHF6* 6 MMD3 Linear 12 e 78]




MMD3rev Linear 12 e
Microtubule- p-NH Linear 12 e (770]
associated protein
Tau PHF6
TD28 Linear 12 e (77l
Immunoglobulin variable ) ) (7ab]
domain of TIGIT Immune checkpoint 119 D-TBP-3 Linear 12 5.6
Epidermal growth factor Mitogenic factor 53 D-PI_4 Linear 12 54 69]
TWEAK (tumour
Fibroblast growth factor- necrosis factor-like .
- [85]
inducible 14 CRD weak inducer of 43 b-FNB Linear 12 0.28
apoptosis) receptor
Monomeric precursor
AB-1-42 of AB oligomers and 42 Mosd1 Linear 12 e (86]
fibrils
Immunoglobulin variable Programmed cell . (74a]
domain of PD-L1 death protein 1 124 b-PPA-1 Linear 12 0.51
Bivalent -4 72)
RFX-V1a2a scaffold 53 + 58 8x10 (72l
VEGE-A Vascular endothelial 102
growth factor
RFX001 GB1 scaffold 56 8.5 x107? 57)
gp4l N—tr{mgr pocket HIV envelope proteln 22 PIE12-trimer . Flénklng . gl e (75b]
mimic ectodomain disulfide cyclic
MDM2 Oncogenic E3 85 b-PMia Linear 12 53x102 7

ubiquitin ligase

2Most potent binder from phage panning experiments presented, ® Total amino acid length of synthetic protein enantiomer target, ¢ Amino acid length of peptide
binder identified through phage display, ¢ reported dissociation constant of D-peptide binder to native L-target used in phage display, ¢ Ko not reported,  length of

original, un-crosslinked peptide identified through phage display.

lack of library diversity and polypeptide binder size, limiting the
best example to a binding affinity of 20 M.l

3. The current state of the art in D-polypeptide
preparation

The most common issue encountered in enantiomeric protein
research surrounds their preparation. Since polypeptides entirely
composed of D-amino acids cannot be made recombinantly at the
time of writing, they must be prepared by chemical synthesis and
the current state-of-the-art is summarized as below:

3.1. Solid phase peptide synthesis (SPPS)

Allowing stepwise addition of protected amino acids on an
insoluble polymer support, solid phase peptide synthesis (SPPS)
facilitates access to D-polypeptide chains.® Fmoc-protected
amino acids have gained popularity over the past two decades as
they facilitate the use of milder cleavage conditions.®® Efficient
reagents that allow high conversion of amino acid coupling have
been reported.% The systematic nature of SPPS has also led to
automated systems.[® When paired with microwave irradiation,
each amino acid coupling cycle can be performed in four
minutes.[®? Recently, a fully automated system for SPPS, where
the assembly is complete in a flow system has been developed,
yielding complete coupling cycles in less than two minutes, and a
full protein up to 164 residues has been assembled.®® However,
a major drawback is its requirement for a large excess of amino

acids (6-60 equivalents), a major financial burden when it comes
to D-polypeptide synthesis. This is especially the case when the
target proteins contain diastereomeric D-isoleucine, which is
significantly higher in cost than other building blocks.

3.2. Chemical ligation

To bring down the cost, convergent synthesis of proteins through
the assembly of smaller polypeptides by chemical ligation has
been achieved.® In general, two peptide fragments are
chemically bought together by reacting two latent reaction motifs
located at the termini. Various methods for chemical protein
ligation have been developed, although some suffer drawbacks
when preparing polypeptides in opposite chirality (Table 3, Entries
1-4). Native chemical ligation (NCL) is commonly used whereby
the thiol group of an N-terminal cysteine peptide and a C-terminal
thioester of a reacting pair undergo trans-thioesterification,
followed by an S-to-N acyl shift to yield a traceless native peptide
bond (Figure 7).

SH

y SH
o il o S = N acyl shift o]
(Peptide qL = zﬁ‘—o Peptide 1 ‘\S/\_lpepudeQ ———> (Peptide 1 J\N Peptide 2
H
-RSH HN

Trans-thioesterification

Figure 7. Reaction scheme of native chemcial ligation.
3.2.1 Thioester preparation
Activated thioesters cannot be anchored at the C-terminus during

Fmoc-SPPS due to their sensitivity to base treatment which is
routinely used during deprotection. Consequently, inert



precursors including the refined Dawson linker have been
developed (Table 3, Entry 5). Following SPPS, the base-stable
3,4-diaminobenzoic acid (Dbz) derivative is activated and
subjected to thiolysis to yield the thioester for native chemical
ligation. More recently, a second generation Dawson linker
recruits an N-methylated amino group, minimizing unwanted
acylation when using an excess of glycine reagent.®> Assembly
of peptides directly onto the linker amine is a simple and useful
feature of the Dawson linker. Alternatively, the C-terminal peptide
hydrazide can be used to create a C-terminal thioester (Table 2,
Entry 4).°6 Activated by the addition of sodium nitrite, the
hydrazide can be oxidized into an acyl azide which can be
subjected to thiolysis with an acidic thiol in situ.®] Hydrazine
resins are prepared fresh before use, but it has recently been
shown that resins can be prepared with Fmoc-hydrazine
facilitating long term storage and facile loading quantification. [°!
In the convergence of multiple peptide fragments to prepare larger
synthetic proteins, some central fragments will be ligated at both
N- and C-termini. To prevent intramolecular side-reactions
(cyclization), the peptide can be prepared as a thioester surrogate,
whereby a C-terminal functional group remains inert in NCL and
can be subsequently activated for the next ligation step. The
peptide hydrazide is the most common choice in this instance due
to the facile in situ activation and has been used to prepare
numerous D-proteins, including the mirror-image TIGIT domain
discussed earlier.[4]

3.2.2 N-terminal cysteine protection

In the pursuit of more complex protein targets, sequential NCL
steps will require orthogonal N-terminal cysteine protecting
groups for middle segments (Table 3, Entries 8-12). A common
and reliable choice is the protection of cysteine in a thiazolidine
ring (Thz), due to the facile conversion into cysteine, compatibility
with ligation conditions and its commercial availability in both
enantiomeric forms.? However, Thz was found to be unstable
under the oxidation conditions required for peptide hydrazide
oxidation.®® Numerous efforts have been directed to the
development of other orthogonal, N-terminal cysteine protecting
groups to facilitate sequential peptide hydrazide ligations (Table
3, Entries 9-12). Preparation of their enantiomeric counterpart is
theoretically simple. Indeed, TFA-Thz, which is stable to
hydrazide oxidation, was used in the preparation of enantiomeric
polymerase D-Dpo41?"! and ubiquitin.?

3.2.3 NCL beyond cysteine

Due to the low abundance of cysteine residues in proteins
(<2%),%0 significant efforts have been directed to link peptides
with alternative amino acids. %Y Desulfurization converts reactive
cysteine thiol CH,SH to the CHs group of alanine,[%d which is
significantly higher in abundance (>8%).11%3! Techniques include
hydrogenation over Pd/Al,O; and Raney nickel.*%? Given the
issues associated with purity, metal-free desulfurization
alternative has been developed through a free-radical mechanism
(Table 3, Entry 14; Figure 8A). However, native cysteines must
be protected during desulfurization reactions. Acetamidomethyl
cysteine (Cys(Acm)) is commonly employed in D-protein
synthesis, and is commercially available in both L- and D-
enantiomers for Fmoc-SPPS (Figure 8B).1%  Following
desulfurization, the Acm group can be removed using mercury
acetate, ¥ iodine, 3¢ or more recently, PdCl,.[%]
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H 5 H-abstraction H
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ie X

FmocHN™ “COOH FmocHN™ "COOH

Fmoc-Cys(Acm)-OH Fmoc-Pen(Trt)-OH

Figure 8. (A) Mechanism of metal-free radical desulfurization, (B)
acetamidomethyl cysteine (Cys(Acm)) and (C) penicillamine buildings blocks for
Fmoc-SPPS.

Thiols may also be inserted into other canonical amino acids and
can be removed by desulfurization (For review, see %), However,
this approach has not been applied in D-protein synthesis
because of challenges associated with synthesizing the
enantiomeric building blocks (Table 3, Entry 15). Commercially
available D-penicillamine (D-Pen) may be a viable option for
ligation at valine (Figure 8C),1*%"] but this residue is associated
with slow ligation kinetics with all C-terminal thioester sites other
than glycine.l®® NCL can also proceed by employing a
temporarily inserted thiol auxiliary which can be removed by acid
cleavage.'® Such auxiliaries enable the generation of the lysine
isopeptide bonds in the synthesis of branched ubiquitin chains
(Table 3, Entry 25).12% 43 Nevertheless, this approach has not yet
been applied in the synthesis of the mirror-image D-counterparts
(see section 3.3.2.3).14

3.2.4 One-pot approach

During the synthesis of large protein targets, it becomes
advantageous to conduct steps in a ‘one-pot’ fashion, minimizing
lengthy and yield-reducing purification maneuvers. For example,
directly after a NCL reaction, the desulfurization step can be
performed in one pot, followed by Cys(Acm) deblocking without
intermediate purification.'%1 A primary limitation of performing
desulfurization immediately after NCL, is that a large excess of
thiol catalyst, usually 4-mercaptophenylacetic acid (MPAA) is
needed to improve ligation rates but they also quench the
desulfurization reaction.'°! Efforts have been directed toward
finding new thiol catalysts that are compatible with desulfurization
(Table 3, Entries 16-18). Methyl thioglycolate was found to not
interfere with desulfurization whilst providing good -catalytic
properties, and it has been used in the synthesis of mirror-image
ubiquitin for racemic protein crystallography studies.“? Other
efforts to reduce the number of HPLC purification steps include
one-pot ligations of numerous fragments and performing chemical
ligations on a solid support.[8 111

3.2.4 Enhancing solubility of hydrophobic peptide
fragments

The nature of protein has implications on the experimental design.
Hydrophobic proteins such as membrane proteins can suffer from
aggregation and poor solubility.**2l A solution that could address
these issues is to recruit first-generation removable backbone
modification (RBM), which minimizes aggregation whilst allowing
conjugation to a poly-arginine solubility tag (Table 3, Entry 21).[131
The RBM is installed via a removable glycine auxiliary and thus
has limited scope. A second-generation RBM was designed to be
installed into all other amino acids, including the challenging Val-
lle junction, making this highly attractive for the synthesis of
membrane proteins (Table 3, Entry 22; Figure 9).1*4 The RBM
tags have been employed in the synthesis of the mirror-image
TIGIT membrane protein domain.#! In addition to RBMs,
removable solubilizing tags could also be incorporated onto lysine
side chains (Fmoc-Ddae-OH) or (Fmoc-Ddap-OH) using the
‘helping-hand’ strategies (Table 3, Entries 19-20).51 Whilst no D-
proteins are currently reported using this method, these tags
could possibly be installed onto commercially available D-amino
acid building blocks. The lysine tags can also be employed to
install click handles for templated chemical protein ligations. 1€l
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Figure 9: Second generation removable backbone moficiation. 4-methoxy-5-
nitrosalicylaldehyde is installed onto backbone nitrogen during Fmoc-SPPS,
followed by assembly of peptide main chain and desired tag sequence.
Reversible acetylation of phenol group controls TFA lability for tag removal.

3.2.5 Remarks

Since the advent of chemical ligation methods, protein synthesis
has transformed into a rapidly evolving field of research.
Particularly, native chemical ligation has facilitated the synthesis
of numerous D-proteins, including enantiomeric venom toxins,=%
36-38, 40, 46, 49, 51, 53, 58] grOWth factors[57, 69, 71-72] and enZymeS,[G’S’ 11-13,
171 including the 90 kDa split-enzyme D-Pfu.l!™! The pursuit of
more complex D-proteins is perplexed by their size and post-
translational modification status. Multi-segment, one-pot
approaches can improve efficiency, but many recruit unique
amino-acid reagents that need to be prepared in the
laboratories.!*® Another issue involves the rates of ligation
reactions, which can potentially be increased by adopting
selenocysteine  NCL,*91  and template-directed chemical
ligations.[*?% Easier access to protected building blocks, and their
commercial availability, will greatly improve the possibilities for D-
protein chemical synthesis. Design of synthetic routes to D-
proteins can also be assisted by computational approaches, such
as the open-source ‘Aligator’ tool.'?!1 Perhaps, the ultimate goal
for D-polypeptide production is to completely circumvent chemical
synthesis, with the entire mirror-image translational machinery
(ribosome, rRNA, tRNA, tRNA synthetase, etc) served as a
replacement.

3.3 Transformation from D-polypeptide to mirror-image
protein

A somewhat overlooked challenge is the complexity of protein
folding that researchers may need to address during synthetic
protein preparation.?? Typically, a solution of the protein in
chaotropic conditions such as guanidine or urea is prepared and
then diluted into a refolding buffer.*??l Many larger proteins
require chaperones for efficient folding, particularly in vivo where
direct control of refolding conditions is limited. Recently, it was
shown that the GroEL/ES chaperone protein can efficiently fold
both enantiomers (L- and D-) of synthetic DapA protein.['7! This
observation suggested that the protein chaperone activity can be
achiral and may find broad utility in the pursuit of mirror-image life
systems. Two specific challenges associated with protein folding
that will be discussed here include correct oxidation of disulfide
bonds and installation of post-translational modifications.

3.3 Disulfide bond formation

Correct folding of the disulfide bonds is case-dependent and often
requires extensive screening and optimization for each protein.
One common method involves diluting the reduced D-polypeptide
chain from chaotropic agents in the presence of reduced and
oxidized thiols as redox reagents, as reported in the synthesis of
D-rC5a.B7 However, misfolded D-protein often arises as
thermodynamically trapped by-products containing mismatched
disulfide bonds and adducts with thiol reagents.3% 46l Oxidation by
air or DMSO has been used, following careful optimization of
buffer additives, reagent concentrations, and pH. However, this
method often results in low yields (typically <50%), requires large
solvent volumes, and proceeds over several days.[0-46.50 To gain
additional control, orthogonal cysteine protection followed by
pairwise cysteine oxidation may be used. Recently, an orthogonal
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cysteine protection scheme was developed, encoding a rapid
system for disulfide oxidation (Table 3, Entry 23). Using palladium
and UV light mediated deprotections, it was shown that up to three
correctly paired disulfide bonds could be formed in less than 13
minutes.'?4 The use of trityl (Trt) and acetamidomethyl (Acm)
protecting groups has been reported for formation two disulfide
bonds in a D-protein (Table 3, Entry 23).5%1 Another protecting
group that can be used is the 2-nitrobenzyl group but must be
chemically synthesized (Table 3, Entry 23).'24 Disulfide bond
formation can also be directed without the use of chaotropic
agents or orthogonal protection schemes, such as cysteine-
penicillamine pairings or repeat-proline (CPPC) motifs.[t?%]
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Figure 10: Examples of disulfide-rich D-proteins prepared by chemical
synthesis, with structures resolved by racemic protein crystalloraphy.

3.3.2 Post-translational modifications

To achieve a true, mirror-image protein with reciprocal
stereospecific protein activity, PTMs must be incorporated into the
D-polypeptide product. Serine and tyrosine phosphorylation are
common PTMs.[*28l Whilst the L-serine equivalent (Table 3, Entry
34) is commercially available, the corresponding protected D-Ser
building block must be accessed through chemical synthesis.8l
This has been demonstrated in the synthesis of mirror-image
ribosomal proteins which are essential in the binding of L-RNA
molecules. 8 Phosphorylation and sulfation of tyrosine residues
have been incorporated into chemical synthesis of L-proteins*?7]
using similar protected building blocks (Table 3, Entry 33 & 35). It
is reasonable that equivalent building blocks can be prepared in
D-enantiomeric form. Indeed, tyrosine phosphorylation is a PTM
observed in many transcriptional regulators and has been shown
to impact DNA binding.[125¢]

Glycosylation is another widespread PTM found in proteins.[28l
However, the sugars attached to the protein are chiral existing
almost exclusively in D-form.a Mirror-image glycoprotein would
require installation of L-sugar polymers onto the D-polypeptide
and has not yet been reported. However, quasi-racemic protein
crystallography of synthetic glycoprotein Ser-CCL1 could be
facilitated using the un-glycosylated D-enantiomer.5 In many
cases, glycans can play important roles in protein or nucleotide
binding,*?8! and therefore achieving mirror-image protein
glycosylation is a key milestone in research surrounding D-
proteins, particularly in the area of MIPD.

Other promising PTMs include lysine trimethylation or acetylation,
both of which have been incorporated into the chemical synthesis
of L-histones (Table 3, Entries 26-27).%°1 Preparation of the
corresponding D-histones would require the synthesis of the
lysine building blocks in D-form. A more challenging lysine PTM
is site-specific ubiquitination.*3% Chemical synthesis of branched
ubiquitin chains in native L-form is well reported, employing a
removable glycyl auxiliary onto the lysine side chain (Figure
11A).28 43, 131 The auxiliary facilitates NCL with a ubiquitin
thioester, following subsequent removal with TFA to generate a
native glycine at the branched ligation site. However, during
preparation of the mirror-image branched ubiquitin proteins, the
auxiliary was replaced with a cysteine residue to circumvent the
low efficiency of the ligations, leaving a non-native cysteine as a
scar at the ligation site (Figure 11B).
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proteins and (B) cysteine mediated NCL for preparation of branched D-proteins.

Palmitoylation also serves as a promising PTM for incorporation
into D-proteins and has been applied to the synthesis of cysteine
palmitoylated L-proteins (Table 3, Entries 31-32).1132 Palmitic acid
is achiral and could be conjugated to D-cysteine or other D-amino
acid residues. Synthesis of palmitoylated D-proteins may find use
in racemic protein crystallography®?® which has been applied to
reveal the structure of transmembrane protein domains in racemic
detergents.?” In addition, palmitoylation is a useful modification
for pharmacokinetic optimization of peptide drugs,3® including
the FDA-approved Liraglutide.*34 This modification may find use
in prolonging the half-life of D-peptide drug candidates, as
encountered with the conjugation of cholesterol to the promising
D-peptide drug candidate, CPT31.[8]

3.3.3 Remarks

Folding of D-polypeptide chains into the desired protein
conformation is a challenging task, and often requires
optimization in a case dependent manner. Protein refolding
protocols can be pre-established using the native recombinant L-
counterparts,’3® and they are often sufficient to fold the
corresponding D-enantiomer. In the case where disulfide bond
formation is involved, oxidants such as cystine or glutathione
disulfide can be used.B Alternatively, orthogonal protection
schemes can be implemented.% 1241 Most PTM installation can
be achieved, particularly the achiral components such as
phosphorylation.*8 However, chiral PTMs such as glycosylation
largely remains an unresolved synthetic challenge.®! A plausible
solution would be to obtain a mirror-image enzyme (such as endo-
glycoside hydrolase),[*3¢! capable of assembling the necessary
polysaccharide building block from L-sugars, much like the
enantiomeric polymerase enzymes discussed earlier. 213 151

11

3. Perspectives

Applications of synthetic D-protein enantiomers are vast but
remains to be challenged by the difficulty in their preparation,
particularly when their complexity increases with their size, folding
and post-translational modifications. The ability to translate L-
mRNA into D-proteins will be truly revolutionary. The first
milestone will be the complete assembly of an enantiomeric
ribosome, comprised of D-proteins and L-rRNAs. Since three out
of =50 mirror-image E. coli ribosomal proteins 8 and efficient L-
nucleotide polymerases!® 113 15161 haye been reported, it is
anticipated that this ambition will be achieved in the near future.
Mirror-image translation could then be achieved in vitro,*37 using
D-aminoacyl-tRNA synthetases to load the L-tRNAs along with
the mirror-imaged translational factors. Subsequently, all D-
proteins needed in mirror-image life, racemic protein
crystallography and D-targets for mirror-image phage display may
be obtained by suppling the exogenous L-nucleic acids encoding
the desired protein. Perhaps, preparation of entire D-polypeptides
can also be achieved using “Flexizyme” technology, '3 which has
been reported to incorporate D-amino acids into peptide chains
without using enantiomeric translation components.3 6l
Chemical synthesis remains superior at atomistic control allowing
researchers to incorporate building blocks without constraints
associated with ribosome-based systems. Complex D-protein
targets can be achieved via: engineering of split enzymes,*°!
mutational installation of suitable ligation sitesi*® and in silico
design of accessible D-enzymes.['®l For protein crystallography,
smaller D-proteins can be used to facilitate crystallization of
complex L-proteins by quasi-racemic protein crystallography.?8 In
addition, discovery of D-peptide binders could be achieved via
computational-based approaches.%8 139 Together, while there
are challenges remained to be solved, D-polypeptide research
remains to have strong potentials that can generate explosive
impacts on numerous research topics.



Table 3. Synthetic methods used in chemical protein synthesis, indicating use in reported D-protein synthesis and potential issues encountered with use.

Entry Used in D-protein synthesis
Reagents Ref
# Synthetic method YIN Potential issues
Ligation method
SH
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1 Native chemical ligation IIJ\SR " Y cysteine or alanine residues.
2
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OH
o} R ) ]
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Deprotection

MeONHz
N CF
3
g To( A ibility of ti i
9 Cys(Tfacm) /E N ccessibility of enantiomeric {144]
reagent.
H,N™ ~COOH
Deprotection
pH 11.5
s
8
10 TEA-Thz o= cooH v Accessibility of enantiomeric 2
CF3 reagent.
Deprotection
Base then MeONH:
SH
§ /[ Accessibility of enantiomeric [145)
11 Ns-Cys N3~ ~COOH N reagent.
Deprotection
TCEP
o /[SH
/@AOkﬁ COOH Accessibility of enantiomeric (146
12 Cys(Dobz) HO<g N reagent. Harsh deprotection conditions.
OH
Deprotection
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Desulfurization
Removal of metal impurities
PA/ALOs can be problematic. Use of hydrogen gas.
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13 Metal-based Or Raney Nickel Y side reactions with Trp and Met
+H Quenched by thiol catalyst.
2@ Native Cys must be protected.
} ) VA-044 Quenched by thiol catalyst. [202]
14 Metal-free radical based TCEP Y Native Cys must be protected.
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B-thiol-Phe
B-thiol-Val
B-thiol-Leu
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modification v2 Acetylation

Additional steps to incorporate (746,
and remove tag. 14

Removal
Deacetylation (Cys (aq))
then TFA

Protein folding

Ph
Ph\kph
/[s

H,N” “COOH
Disulfide #1

Removal
TFA

N
od
s 0
/[ Practically limited to two disulfide
Cysteine orthogonal H,N" "COOH bonds. Accessibility of a third, 153,
protection Disulfide #2 orthogonally protected D-Cys 124]
building block.

23

Removal
lodine
or PdCl2

S

L

H,N” ~COOH
Disulfide #3

Removal
UV light (350 nm)

Mostly unnecessary for in-vitro
24 “Ambidextrous” chaperone GroEL/ES protein chaperone Y protein folding. Limited scope [117b]
reported.

Post-translational
modifications

14



OMe

1448.

15

OMe
HS N/j(OH Low efficiency of ligation. Glycyl
5 Lys ubiquitination Ho35 N auxiliary replaced with Cys in (28, 43]
Installation preparation of enantiomeric
Coupling to lysine side chain di- and tri-ubiquitin proteins.
PTM
NCL to Ub-thioester
Auxiliary removal
TFA
) ) Accessibility of enantiomeric (129,
26 Lys trimethylation Fmoc-Lys(Mes)-OH N reagent, 146]
. Accessibility of enantiomeric [1295]
2 Lys acetylation Fmoc-Lys(Ac)-OH N reagent.
Fmoc-Asn(Glycan)-OH
28 or Boc-Asn(Xan)-OH N Accessibility of enantiomeric 154,
reagent (would also require L-sugars). 151
Asn N-Glycosylation (and) further glycosylation on-resin or in
solution.
h } ) Accessibility of enantiomeric reagent (would also 152
29 Oligosaccharide coupled directly to free N S [252]
Asn side chain during Boc-SPPS. require L-sugars).
: . g : Accessibility of enantiomeric reagent (would also [2278]
30 Thr O-Glycosylation Fmoc-Thr(Glycan)-OH N require L-sugars).
Fmoc-Cys(Mmt)-OH Incompatible with NCL.
31 A N Potentially viable for D-protein [132a]
Cys S-palmitoylation Mmt removal on-resin with 2% TFA synthesis via STL or Sec NCL.
Reaction with palmitic anhydride
Incompatible with NCL.
32 . N Fmoc-D-Cys(palmityl) must [1326]
Fmoc-Cys(palmityl)-OH be synthesized.
Fmoc-Tyr(OTBS)-OH
Deprotection and sulfation on-resin with:
) F Accessibility of enantiomeric
E [127b)
33 Tyr sulfation F/g . N reagent,
o P oTf
§NNE
+DIEPA
QH ,—Ph [18,
34 Ser phosphorylation Ofgio Y Accessibility of enantiomeric reagent. 126b,
153]
FmocHN COOH
NMez
0=P—NMe,
35 Tyrosine phosphorylation /(©/0 N Accessibility of enantiomeric reagent. 11274
FmocHN COOH
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