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Abstract

Homochirality is a general feature of biological macromolecules, and Nature includes few 

examples of heterochiral proteins. Herein, we report on the design, chemical synthesis, and 

structural characterization of heterochiral proteins possessing loops of amino acids of chirality 

opposite to that of the rest of a protein scaffold. Using the protein Ecballium elaterium trypsin 

inhibitor II, we discover that selective β-alanine substitution favors the efficient folding of our 

heterochiral constructs. Solution nuclear magnetic resonance spectroscopy of one such 

heterochiral protein reveals a homogeneous global fold. Additionally, steered molecular dynamics 

simulation indicate β-alanine reduces the free energy required to fold the protein. We also find 

these heterochiral proteins to be more resistant to proteolysis than homochiral L-proteins. This 

work informs the design of heterochiral protein architectures containing stretches of both D- and L-

amino acids.
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Heterochirality is rare among biological molecules such as proteins; in Nature, proteins are 

folded from polypeptides comprised primarily of L-amino acids and achiral glycine.1 

Despite this bias, their enantiomers, D-amino acids, are occasionally post-translationally 

incorporated into biomolecules such as peptidoglycan,2 nonribosomal peptides,3 and even 

some animal proteins.4 Nature’s utility for such heterochiral polypeptides and proteins is not 

fully understood. However, it has been suggested that the selective incorporation of D-amino 

acids may confer proteolytic stability and enhanced protein function.5 Still, there are few 

heterochiral proteins possessing more than a single D-amino acid.

The best characterized heterochiral proteins have been synthetic α-helical bundles;6,7 Baker, 

Gellman, and co-workers have designed helical assemblies that exhibit tertiary and 

quaternary structure, respectively. Before these, heterochiral protein syntheses largely 

involved targeted D-amino acid substitutions in structure–function studies of existing L-

proteins.8–10 Recently, D-amino acid scans have revealed that they may be more tolerated in 

natural proteins.11 Horne and co-workers have also demonstrated that in addition to D-amino 

acids, other types of unnatural amino acids, including β-amino acids, can be incorporated 

into proteins while preserving tertiary folding.12

We were motivated by this body of work and set out to design a heterochiral protein 

possessing a loop of amino acids with inverted chirality [i.e., L-protein with a D-amino acid 

loop (Figure 1)]. Loops are important structural features that often facilitate natural and 

engineered protein–protein interactions.13,14 Understanding how a stretch of D-amino acids 

may be engineered into a loop of a L-protein, or vice versa, could expand upon the 

conformational space that a protein scaffold might access.

We began our work with a model protein, Ecballium elaterium trypsin inhibitor II [EETI-II 

(Figure 1A)].15 Wild-type EETI-II (WT EETI-II) is a monomeric protein 28 amino acids in 

length, with three disulfide bonds arranged in a defined topology.16–18 Disulfide rich 

miniproteins, such as EETI-II, have been developed to interact with an array of different 

protein targets.19 EETI-II was chosen because of its synthetic accessibility and its well-

characterized folding pathway. Folding of WT EETI-II initially involves formation of two 

disulfide bonds and the protein core (Cys9–Cys21 and Cys15–Cys27). This is followed by 

formation of the final disulfide bond between the binding loop and the core (Cys2–Cys19). 

EETI-II is also a clinically relevant protein scaffold; its trypsin binding loop (Pro3–Arg8) 
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has been expanded and retargeted toward cell-surface integrin receptors for brain tumor 

imaging [EETI-II 2.5F (Figure 1B)].20,21

Using sequences of both trypsin and integrin binding EETI-II variants, we investigated 

whether it was possible to invert the chirality of their binding loops while maintaining their 

global protein fold. Based on previous folding investigations of WT EETI-II,22–24 we 

hypothesized that a protein core with two disulfide bonds would form regardless of loop 

chirality. If formation of the final disulfide bond and tertiary folding were to be adversely 

affected by the chiral inversion, it could be evaluated, in part, by using liquid 

chromatography and mass spectrometry (LC–MS) to monitor disulfide bond formation over 

time.

RESULTS AND DISCUSSION

Homo- and heterochiral EETI-II constructs were chemically synthesized and purified on 

multimilligram scales (Table S8).25,26 These included several analogues with amino acid 

substitutions, such as β-alanine (β-Ala), that would change the conformational properties of 

the loop. The invariant EETI-II protein core (through the second cysteine) and then the 

variable loop regions were synthesized on approximately 0.025 mmol scales. This afforded 

several dozen milligrams of crude, reduced polypeptide. These peptides were purified and 

then lyophilized with 20–40% isolated yields.

We used a thiol-containing redox buffer to facilitate disulfide bond formation and protein 

folding of our constructs. This entailed a two-step procedure at room temperature. First, 

purified peptides were dissolved in buffer containing 50 mM TRIS (pH 7.8), 5.7 M Gu·HCl 

as a chaotropic agent, and 5.0 mM TCEP as a reducing agent; this ensured that different 

polypeptides were brought to identical denatured and reduced states prior to folding. 

Second, denatured peptides were diluted into an oxidative folding buffer containing 50 mM 

TRIS (pH 7.8), 0.47 mM cystine, and 1 mM cysteine; this solution enabled protein disulfide 

bond formation via thiol–disulfide exchange. As oxidative folding progressed, reactions 

were quenched with acid at various time points and analyzed by reverse-phase LC–MS.

Surprisingly, we discovered that β-Ala facilitated efficient folding of a heterochiral EETI-II 

2.5F analogue (Figure 2). Homochiral EETI-II 2.5F rapidly formed a two-disulfide bond 

intermediate that eventually yielded a predominant three-disulfide product (Figure 2A). This 

was inferred by an observed 6 Da loss of mass. Leftward retention time shifts of the 

intermediate and final products also indicated burial of protein hydrophobic patches and 

weaker affinity for the reverse-phase column.11,27 In contrast, a heterochiral EETI-II 2.5F 

analogue with part of its binding loop inverted to D-amino acids (Pro3–Pro10) yielded a 

three-disulfide product with a broader peak width and a smaller retention shift (Figure 2B). 

This indicated possible product heterogeneity, improper folding, or distortion of the global 

fold relative to folded homochiral EETI-II 2.5F. The heterochiral analogue was able to 

recapture the peak profile and retention shift of homochiral EETI-II 2.5F only when β-Ala 

was substituted at positions where the amino acids underwent the transition from L to D 

(Figure 2C).
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Additional folding experiments indicated that the position of β-Ala as well as the overall 

loop length affected the folding of heterochiral EETI-II proteins. With another set of 

constructs based on the integrin binder EETI-II 2.5D, β-Ala again rescued the folding of a 

heterochiral EETI-II 2.5D analogue (Figures S5–S8). However, this was not the case for 

heterochiral constructs based on WT EETI-II (Figures S9–S12). Additionally, for 

heterochiral EETI-II 2.5F, changing the position of one β-Ala substitution (i.e., Thr13 vs 

Pro10) resulted in a well-defined peak but did not shift the retention time as much as 

homochiral EETI-II 2.5F did (Figures S13–S15). We were also able to fold variants with D-

amino acid cores, L-amino acid loops, and β-Ala substitutions (Figures S16–S18).

The solution structure of one such EETI-II 2.5F analogue revealed a global fold similar to 

that of WT EETI-II (Figure 3). This analogue possessed a D-amino acid core, a loop of five 

L-amino acids, one Gly, and two β-Ala substitutions. Structural calculations and explicit 

solvent refinement were performed using CYANA and YASARA, respectively.28–30 

Homonuclear distance restraints were derived from nuclear Overhauser effect (NOE) cross-

peaks and mass spectrometry data indicating disulfide bond formation. The 20 lowest-

CYANA target function conformers were all in agreement with respect to the global fold of 

the heterochiral protein [average backbone root-mean-square deviation of 1.82 ± 0.26 Å 

(Table S11)]. This suggested that the folding product observed by LC–MS was indeed 

homogeneous. Calculations were also performed for all possible three-disulfide bond 

permutations. The D-Cys2–D-Cys24, D-Cys14–D-Cys26, D-Cys20–D-Cys32 arrangement was 

in strongest agreement with experimentally observed NOE cross-peaks. This indicated that 

the disulfide bonds formed in the isolated heterochiral EETI-II 2.5F folding product were the 

same as those in WT EETI-II.16

Although the loop of this heterochiral protein exhibited conformational flexibility, the core 

was well-defined and similar to that of WT EETI-II (Figure 4). Relatively few NOE cross-

peaks were assigned to the loop. The core possessed both identical topology and structure as 

would be expected for WT EETI-II, albeit a mirror image. In our structure, the presence of 

β-sheet and distorted helix secondary structure (panels A and B of Figure 4, respectively) 

was further corroborated by the proximity and potential for hydrogen bonding within these 

features (Gly33 N–H⋯O═C D-Val25, Gly27 N–H⋯O═C D-Phe31, and D-Asp19 N–

H⋯O═C D-Gln16); these hydrogen bonds correspond with those that have been previously 

measured and reported in solution structures of EETI-II.16,31 Other long-range hydrogen 

bonds could also be inferred on the basis of proximity (D-Cys14 N–H⋯O═C Gly30 and D-

Cys32 N–H⋯O═C D-Leu12).

In addition to β-Ala, we discovered that other substitutions, including Gly (Figure 5), 

facilitated folding of heterochiral EETI-II proteins. We synthesized and attempted to fold 

several EETI-II 2.5F analogues with alternative substitutions (Figures S19–S28). These 

included dual Gly, single β-Ala, and β-Ala paired with L- or D-β-amino acids. With the 

exception of single-β-alanine substitutions, all of these analogues folded into a predominant 

three-disulfide product with a retention time shift matching that of their homochiral 

counterparts.
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Steered molecular dynamics simulation indicated that EETI-II 2.5F analogues incorporating 

β-Ala or Gly substitutions required less free energy to form their final disulfide bond 

compare to analogues without substitutions (Figure 6). On the basis of LC–MS and nuclear 

magnetic resonance (NMR) data, we modeled a rigid two-disulfide EETI-II folding 

intermediate (Cys14–Cys26 and Cys20–Cys32) with a flexible loop; using Jarzynski’s 

equality,32 we estimated the work required to bring Cys2 of the loop into the proximity of 

Cys24 of the core for formation of the third disulfide bond. Analogues without β-Ala or Gly 

substitutions required substantially more free energy (~8 kcal/mol) to form the Cys2–Cys24 

disulfide bond. This energetic cost paired with the observation of shorter LC–MS retention 

time shifts (i.e., Figure 2B) suggests that the final disulfide bonds of these analogues can 

more easily be achieved by decreasing the rigidity of the core and the compactness of the 

global fold.

D-amino acids selectively shielded a region of a heterochiral protein from proteolytic 

degradation. Using stability assays, we studied several homo- and heterochiral EETI-II 2.5F 

analogues that differed only in the chirality of their loop or core (Figure 7). These proteins 

were incubated at 37 °C with the nonspecific protease, proteinase K. We observed a trend of 

an increasing rate of degradation that correlated to the amount of L-amino acids in the 

protein. We also studied proteolytic stability in the presence of trypsin. Trypsin hydrolyzed 

the Arg6–Gly7 amide bond in the loops of proteins consisting of L-amino acids but not of D-

amino acids (Figures S30–S33).

The use of β-amino acids throughout this work demonstrates another means by which they 

can be leveraged in protein engineering. Gellman,33 Schepartz,34,35 and Horne36 

demonstrated β-amino acids may be utilized alone, or in conjunction with α-amino acids, to 

create novel protein architectures with medicinal and functional importance. We demonstrate 

an additional scenario in which β-amino acids may be used to facilitate folding of 

heterochiral polypeptides. We hope that this work will continue to inspire the design and 

synthesis of novel proteins that make use of noncanonical amino acids that otherwise cannot 

be accessed by Nature’s translational machinery.

In summary, we have successfully designed, synthesized, and demonstrated tertiary folding 

of a heterochiral protein based on the EETI-II protein scaffold. When Pauling and Corey 

first laid the groundwork for thinking about protein structure at a molecular level, they were 

principally concerned with L-amino acids.37 Ramachandran built upon their work and 

extended their analysis to define favorable and unfavorable peptide dihedral angles for 

natural proteins.38 Since their time, synthetic peptide chemistry has come a long way to 

challenge the classical ways of imagining protein structure. Continued efforts in the area of 

unnatural protein design may lead to discovery of proteins with novel folds and function for 

practical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ecballium elaterium trypsin inhibitor II (EETI-II) variants explored in the design and folding 

of heterochiral proteins. Ramachandran plots, solution nuclear magnetic resonance structure 

ensembles, and primary sequences with disulfide connectivity (yellow) for (A) wild-type 

EETI-II (Protein Data Bank entry 2IT7), (B) integrin binding EETI-II 2.5F, and (C) a 

heterochiral EETI-II 2.5F analogue in which the chirality of the amino acids in the protein 

loop is inverted relative to the chirality of the rest of the scaffold. Uppercase letters denote L-

amino acids or achiral amino acids, and lowercase and underlined letters denote D-amino 

acids; β denotes β-alanine.

Mong et al. Page 9

Biochemistry. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
β-Alanine enables efficient folding of a heterochiral EETI-II 2.5F analogue. LC–MS (total 

ion current vs time) monitoring for the oxidative folding of (A) homochiral EETI-II 2.5F, 

(B) a heterochiral EETI-II 2.5F analogue with a stretch containing seven D-amino acids and 

one Gly in the binding loop, and (C) a heterochiral EETI-II 2.5F analogue containing five D-

amino acids, one Gly, and two β-Ala substitutions. Protein folding and disulfide bond 

formation were mediated using a buffer containing a thiol redox pair (pH 7.8, 0.47 mM 

cystine, 1 mM cysteine). Charge-state series represent the major product (asterisks) at time 

zero, 2 min, and 16 h; observed masses represent monoisotopic masses.
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Figure 3. 
Solution nuclear magnetic resonance (NMR) reveals a homogeneous fold for a heterochiral 

EETI-II 2.5F analogue. Solution NMR structural ensemble of a heterochiral EETI-II 2.5F 

analogue possessing a scaffold core (gray) comprised of D-amino acids and a loop (blue) 

comprised of five L-amino acids, one Gly, and two β-Ala substitutions. This ensemble 

represents the 20 lowest-CYANA target function conformers after explicit solvent 

refinement using YASARA. Distance restraints used in calculations were derived from NOE 

measurements and the detection of disulfide bond formation through high-resolution mass 

spectrometry.
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Figure 4. 
Heterochiral EETI-II 2.5F retains a secondary structure similar to that of WT EETI-II. (A) 

Backbone alignment and residual mean square of inverted WT EETI-II and heterochiral 

2.5F. Backbone trace of a heterochiral EETI-II 2.5F analogue emphasizing (B) the β-sheet 

and turn region (D-Val25–Gly33) and (C) the 310-helix region (D-Asp17–D-Cys20). White, 

blue, gray, and red atoms represent hydrogen, nitrogen, carbon, and oxygen, respectively. 

Green dashes represent hydrogen bonds that were identified on the basis of proximity and 

were reported previously in solution structures of EETI-II variants.
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Figure 5. 
Glycine also enables efficient folding of a heterochiral EETI-II 2.5F analogue. LC–MS (total 

ion current vs time) monitoring for the oxidative protein folding of a heterochiral EETI-II 

2.5F analogue possessing a scaffold core comprised of L-amino acids and a loop containing 

a stretch of five D-amino acids, one Gly, and two additional Gly substitutions. Charge-state 

series represent the major product (asterisks) at time zero, 2 min, and 16 h; observed masses 

represent monoisotopic masses.
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Figure 6. 
Heterochiral EETI-II 2.5F proteins containing β-Ala and Gly substitutions require less free 

energy to fold. Steered molecular dynamics (SMD) simulations of homochiral EETI-II 2.5F 

(1) and several heterochiral EETI-II 2.5F analogues without (2 and 3) and with (4–6) β-Ala 

or Gly substitutions. Potentials of mean force (PMF) as a function of the distance between 

the two Sγ atoms of residues Cys2 and Cys24. For each system, the 100 SMD trajectories 

were separated into 20 groups with five trajectories in each group. The PMF for each group 

was estimated using Jarzynski’s equality. The results from the 20 groups were then averaged 

and error bars (standard errors of mean) calculated.
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Figure 7. 
Heterochiral EETI-II 2.5F exhibits unique proteolysis resistance compared to that of 

homochiral EETI-II 2.5F. Proteinase K induced degradation of several homochiral (1 and 4) 

and heterochiral (2 and 3) EETI-II 2.5F analogues as measured by LC–MS extracted ion 

current for the remaining intact peptide. The stretches of D-amino acids of each protein are 

underlined. All measurements were performed under identical conditions and in triplicate; 

error bars are too small to be discerned.
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