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Abstract

Proteins composed entirely of unnatural D-amino acids and the achiral amino acid glycine are
mirror image forms of their native L-protein counterparts. Recent advances in chemical protein
synthesis afford unique and facile synthetic access to domain-sized mirror image D-proteins,
enabling protein research to be conducted through “the looking glass” and in a way previously
unattainable. D-proteins can facilitate structure determination of their native L-forms that are
difficult to crystallize (racemic X-ray crystallography); D-proteins can serve as the bait for library
screening to ultimately yield pharmacologically superior D-peptide/D-protein therapeutics (mirror
image phage display); D-proteins can also be used as a powerful mechanistic tool for probing
molecular events in biology. This review examines recent progress in the application of mirror
image proteins to structural biology, drug discovery, and immunology.

Introduction

Alpha-amino acids — the basic building blocks of proteins — are chiral molecules that exist in
two forms: L-enantiomer (“L” for levorotatory or left-handed) and D-enantiomer (“D” for
dextrorotatory or right-handed). The two non-superimposable forms of amino acid differing
in handedness or chirality are mirror images of one another and have otherwise identical
physical and chemical properties. Life, however, uses only L-amino acids and the achiral
amino acid glycine to construct proteins that perform a great variety of biological functions.
Although present in nature [1], notably in the peptidoglycans of cell walls and in peptide
antibiotics of bacterial origin, in proteins of lower animals such as insects, snails and
amphibians, and even in the brain as neurotransmitters, D-amino acids in various organisms
are thought to be converted from parent L-enantiomers through enzyme-catalyzed post-
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translational reactions [2,3]. The fascinating question of why and how life on Earth favors
these left-handed molecules has been a subject of intense debate for decades among
chemists, physicists, biologists, and even astronomers. While the origin of homochirality of
alpha-amino acids continually remains a mystery [4], scientists have learned a great deal
already from studying the physicochemical and biological properties of unnatural or
artificial D-peptides and D-proteins that contain only chiral D-amino acids.

Mirror image proteins can only be made by chemistry. Peptides and small proteins are
traditionally synthesized using stepwise solid phase peptide synthesis techniques [5], which
limit the size of a polypeptide chain to be assembled to roughly 60 amino acid residues.
Since the average size of eukaryotic protein domains is about 125 amino acid residues in
length [6], synthetic peptide chemistry for decades was limited to studies of peptides and a
few small proteins and failed to unlock its full potential for protein research. Kent and
colleagues revolutionized peptide and protein research by developing a robust chemistry
termed native chemical ligation [7-9], which enables the chemoselective ligation of fully
unprotected peptides in aqueous solution, forming a product polypeptide linked by the native
peptide bond. Numerous proteins have been chemically synthesized using the native
chemical ligation technique or its varied forms, greatly advancing our understanding of the
molecular basis of how proteins function in a way previously unattainable. Native chemical
ligation also makes it now possible to routinely synthesize and study mirror image D-protein
forms of domain-sized natural proteins, further expanding the capacity and augmenting the
power of mirror image protein technology. This review summarizes important progress made
during the past few years on research using mirror image proteins, with a focus on their
applications in structural biology, drug discovery, and immunology.

Racemic X-ray crystallography for protein structural biology

Crystallization and phase determination are often two rate-limiting steps in X-ray
crystallographic analysis of protein structure. Zawadzke & Berg pioneered racemic protein
crystallography in 1993, where an equal molar mixture of the L- and D-enantiomers of a 45-
residue iron-sulfur protein, rubredoxin, was crystallized in a centrosymmetric space group
with two molecules in the unit cell, one of each enantiomer, related to each other by a center
of inversion [10]. In these centrosymmetric crystals the phase of each reflection was
restricted to either O or 180 degrees, as predicted [11]. The combination of a much
simplified phase problem [11] and the greater ease with which racemic proteins crystallize
[12] should facilitate, structure determination of moderately sized macromolecules, as
anticipated by Berg and Zawadzke [13].

This expectation has largely been fulfilled by the work from the Kent laboratory at the
University of Chicago [14]. Armed with their ability to create synthetic mirror image
proteins and racemic crystallization, Kent and colleagues have determined the crystal
structures of a variety of small proteins previously proven difficult to tackle, including the
snow flea antifreeze protein [15], the scorpion toxin BmBKTx1 [16], the fungal defensin
plectasin [17], the snake venom protein omwaprin [18], the scorpion toxin kaliotoxin [19],
an engineered insulin molecule [20], and the peptide toxin ShK from sea anemones [21].
More recently, they used racemic crystallography to determine the crystal structure of the
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first heterochiral protein complex, in which a designed small D-protein antagonist, D-
RFXO001, of 56 amino acid residues bound to its target protein - the angiogenic protein
vascular endothelial growth factor (VEGF-A, a covalent dimer of residues 8-109) [22].
Interestingly, the structure of a quasi-centrosymmetric crystal formed by two chemically
non-identical enantiomers of a chemokine, N-glycosylated L-CCL1 protein and non-
glycosylated D-CCL1 protein, was also determined [23], showcasing the power of
quasiracemic crystallography in structure determination of glycoproteins that are difficult to
crystallize.

Mirror image phage display for D-peptide/D-protein drug discovery

Developing small molecules to target enzymes and receptors has been a traditional drug
discovery approach widely adopted by the pharmaceutical industry. Despite an exponential
growth over the past several decades in the expenditures for drug research and development,
however, the number of annual new drug approvals by FDA has remained stagnant, or even
has declined in some years. The exhaustion of “low-hanging fruit” in drug discovery further
exacerbates the growing disparity between investment and outcome, underscoring an urgent
need to explore new classes of drugs beyond small molecules such as peptides and proteins
known as biologics [24,25], and new drug targets such as protein-protein interactions
[26,27].

Small peptide inhibitors of protein-protein interactions, due to their high affinity and superb
specificity, show promise as an important class of therapeutic agents for the treatment of
various human diseases. However, peptide drugs suffer poor bioavailability as they are
highly susceptibility to proteolytic degradation in vivo, severely limiting their systemic use
and therapeutic potential. Different chemistries that aim to modify side chains and/or the
backbone have been used to improve peptide resistance to proteolysis [28-30], among which
the use of D-peptides remains one of the most promising approaches to overcoming the
pharmacologic hurdle in peptide drug discovery. D-peptides are resistant to proteolytic
degradation due to an exceedingly high free energy barrier, afforded by steric
incompatibility, to the transition state of the enzyme-substrate complex [31]. This intrinsic
pharmacologic property endows D-peptide therapeutics with the ability to circulate longer in
vivo, and may render them orally available and less immunogenic due to poor efficiency in
antigen presentation.

Kim and colleagues pioneered an elegant technique for D-peptide drug discovery, termed
‘mirror image phage display’ [32], where a phage-expressed peptide library was screened
against the D-enantiomer of an SH3 domain of the Src tyrosine kinase family, yielding a
consensus L-peptide ligand for the chemically synthesized D-protein; when inverted and
prepared by chemical synthesis, the resultant D-peptide ligand specifically bound, for
reasons of symmetry, recombinant L-SH3 domain at the binding site of physiological
ligands on natural SH3 domains. This powerful tool enabled the subsequent identification of
several classes of proteolysis-resistant D-peptide inhibitors with therapeutic potential [31],
including antagonists that target the HIV-1 envelope glycoprotein gp41 to block viral fusion/
entry [33-35], and the aggregation-prone amyloid peptide A to inhibit amyloid plaque
formation in Alzheimer's disease [36-38].
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Mirror image phage display necessitates the use of enantiomeric D-protein targets as the bait
for library screening. Such D-protein molecules can only be synthesized chemically. Early
practitioners of the mirror image phage display technique relied on peptide or small protein
targets such as SH3 domain, HIV-1 gp41 peptide, and amyloid peptide Ap, chemically
accessible via stepwise solid phase peptide synthesis. The native chemical ligation technique
developed by Kent and colleagues [7,9] enables facile synthetic access to domain-sized
proteins, greatly expanding the breadth, depth and power of mirror image phage display in
peptide drug discovery.

The master tumor suppressor protein p53 is functionally inhibited in many tumors by the
two overexpressed oncogenic proteins MDM2 and MDMX, which interplay to inhibit p53
transactivation activity and target p53 for degradation [39]. MDM2 and MDMX contain an
N-terminal p53-binding domain of ~100 amino acid residues that forms a tight complex
with p53 through extensive hydrophaobic interactions with p53 transactivation peptide of ~15
amino acid residues. MDM2 and/or MDMX antagonists that disrupt the p53-MDM2/
MDMX interaction can rescue p53 function and kill tumor cells in vitro and in vivo [40],
promising a novel class of anticancer therapeutics. Lu and colleagues screened a phage-
expressed peptide library against both L- and D-enantiomers of MDM2 synthesized via
native chemical ligation, and discovered an array of L- and D-peptide ligands that bound to
both MDM2 and MDMX with high affinity [41-45]. Three D-peptide ligands,
TNWYANLEKLLR (DPMI-a), TAWYANFEKLLR (DPMI-B), and DWWPLAFEALLR
(PPMI-y), bound to synthetic MDM2 and MDMX with affinities of 219 nM and 18 uM,
34.5nM and 2.4 uM, 52.8 nM and 4.9 uM, respectively. Structural studies validated the
productive binding mode of these D-peptide antagonists in complex with MDM2/MDMX,
where they adopt a left-handed alpha-helical conformation, docking their hydrophobic
residues inside the p53-binding pocket of MDM2/MDMX (Figure 1). DPMI-a activated the
p53 pathway in human glioblastoma cell lines harboring wild type p53 and elevated MDM2,
inhibited tumor growth in vitro and in vivo, and prolonged the survival of nude mice bearing
intracranial glioblastoma. More recently, Lu and colleagues successfully designed, on the
basis of dPMI-B, a superactive D-peptide antagonist of MDM2, termed PPMI-6, which
bound to MDM2 with an affinity of 220 pM, promising a highly attractive lead drug
candidate for anticancer therapy [46].

A notable recent development in mirror image phage display is the emerging application of
this technology to the development of D-protein therapeutics [22], which are expected to
possess enhanced binding affinity and specificity compared with small peptide ligands. The
enhanced affinity and specificity is understandable, as a structurally stable protein scaffold
generally loses less conformational entropy in the course of target binding than a flexible
and disordered peptide ligand. The Sachdev Sidhu group at the University of Toronto
constructed a phage-displayed protein library using the 56-residue B1 domain of
streptococcal protein G as a scaffold, screened the library against the mirror image form of
VEGF-A of 102 amino acid residues chemically synthesized using a three-segment ligation
strategy by the Kent lab at the University of Chicago, and identified the D-protein ligand D-
RFXO001 that bound to native L-VEGF-A at an affinity of 82 nM and competitively blocked
VEGF interactions with its cognate receptor [22]. This D-protein antagonist of VEGF,
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mechanistically similar to therapeutic monoclonal antibodies, may have the potential to be
developed as a novel class of angiogenesis inhibitors for anticancer therapy.

A powerful mechanistic tool for biology

Unlike chiral peptides and proteins, lipids that constitute plasma membranes are generally
achiral molecules. It is therefore expected that interactions of peptides/proteins with achiral
lipid bilayer membranes are functionally independent of the chirality of the (peptide/protein)
ligand. Merrifield and colleagues first demonstrated that the L- and D-enantiomers of alpha-
helical antimicrobial peptides (AMPs) such as cecropin, magainin, and melittin were equally
active in killing Gram-positive and -negative strains of bacteria, polarizing planar lipid
bilayers, and lysing erythrocytes [47]. Lehrer and coworkers made similar observations with
the L- and D-enantiomers of protegrins, Cys-rich and beta-sheet AMPs from porcine
leukocytes, in their killing of bacteria and Candida albicans [48,49]. These findings
immediately suggested that chiral target molecules were not functionally involved in the
action of cationic AMPs. Despite a rare exception reported on the L- and D-enantiomers of
apidaecin, a small insect cationic AMP rich in prolines [50], membrane disruption had long
been thought to be an overriding mechanism of action by which most, if not all, classes of
cationic AMPs kill bacteria, including defensins — a major family of disulfide bridged AMPs
found in mammals [51].

The use of D-enantiomeric defensins in functional studies, however, called this mechanism
of action into question [52]. Shown in Figure 2 are the crystal structures of the L- and D-
enantiomers of human neutrophil alpha-defensin 1 or HNP1, both adopting the canonical
three-stranded beta-sheet fold stabilized by three intra-molecular disulfides and arranged in a
dimeric form; a nearly perfect plane of symmetry relates the two mirror image defensin
dimers to one another. While L- and D-HNP1 showed no functional difference in killing E.
coli, consistent with the membrane-centric mechanism of action of HNP1 against Gram-
negative bacteria [53], the D-enantiomer exhibited a substantially reduced bactericidal
activity against the Gram-positive bacterium S. aureus compared with its L-counterpart [52].
Similar results were reproduced with the L- and D-enantiomers of the human enteric alpha-
defensin 5 or HD5 [52]. By contrast, both L- and D-HNP1 displayed identical
membranolytic activity in inducing the leakage of fluorescent dyes from large unilamellar
phospholipid vesicles.

These findings led to the suggestion that the lethal event in the killing of Gram-positive
bacteria by human alpha-defensins is not dominated by membrane disruption and likely
involves a chiral molecular target that is preferentially recognized by native defensins [52].
Since both HNP1 and HD5 were found capable of binding peptidoglycans that constitute the
thick bacterial cell wall in Gram-positive bacteria, the authors further speculated that human
alpha-defensins kill S. aureus by engaging the cell wall precursor lipid Il to inhibit bacterial
cell wall synthesis [52]. This mode of bacterial killing by human alpha-defensins,
reminiscent of nisin and vancomysin [54-58], was subsequently confirmed experimentally
[59,60]. To date, several more defensins from different origins have been reported to kill
Gram-positive bacteria via sequestration of lipid Il and inhibition of bacterial cell wall
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synthesis [61-65], completing the paradigm-shifting discovery of a novel mechanism of
action of AMPs exposed by mirror image proteins.

Conclusion

Mirror image proteins are powerful tools with a wide range of applications in structural
biology, peptide/protein drug design, and mechanistic studies of biological processes. As
chemical protein synthesis techniques become more robust and readily available to scientists
from different disciplines, the huge potential of mirror image proteins in chemical,
biological, and biomedical research will be fully unlocked. The two enabling technologies —
native chemical ligation and mirror image phage display are particularly attractive, and will
have a profound impact on the discovery of novel classes of pharmacologically superior
peptide and protein therapeutics for the treatment of a variety of human diseases.
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Highlights
. Native chemical ligation enables facile synthetic access to mirror image
proteins
. Mirror image proteins facilitate protein crystallization and structure solution
. Mirror image proteins aid drug discovery of novel classes of therapeutics
. Mirror image proteins can be a powerful mechanistic tool for biology
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Figure 1.
Crystal structures of synthetic MDM2 in complex with D-peptide antagonists identified by

mirror image phage display. (A) TNWYANLEKLLR (PPMI-a) in complex with MDM2;
(B) TAWYANFEKLLR (PPMI-B) in complex with MDM2; (C) Comparison of PPMI-a in a
left-handed alpha-helical conformation (cyan) with an L-peptide antagonist in a right-handed
alpha-helical conformation (green) bound to the same p53-binding pocket of MDM2.
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Figure 2.
Crystal structures of dimeric HNP1 made up of L-amino acids (left) and D-amino acids

(right). The side chains of the six Cys residues of HNP1 that form three intramolecular
disulfide bridges are depicted in spheres.
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