
Nature versus design: the conformational propensities
of D-amino acids and the importance of side chain
chirality

Clare-Louise Towse, Gene Hopping, Ivan Vulovic
and Valerie Daggett1

Department of Bioengineering, University of Washington, Seattle,
WA 98195-5013, USA

1To whom correspondence should be addressed.
E-mail: daggett@u.washington.edu

Received August 4, 2014; revised August 4, 2014;
accepted August 11, 2014

Edited by Alan Fersht

D-amino acids are useful building blocks for de novo
peptide design and they play a role in aging-related dis-
eases associated with gradual protein racemization. For
amino acids with achiral side chains, one should be able to
presume that the conformational propensities of L- and
D-amino acids are a reflection of one another due to the
straightforward geometric inversion at the Ca atom.
However, this presumption does not account for the direc-
tionality of the backbone dipole and the inverted propen-
sities have never been definitively confirmed in this
context. Furthermore, there is little known of how alterna-
tive side chain chirality affects the backbone conformations
of isoleucine and threonine. Using a GGXGG host–guest
pentapeptide system, we have completed exhaustive sam-
pling of the conformational propensities of the D-amino
acids, including D-allo-isoleucine and D-allo-threonine, using
atomistic molecular dynamics simulations. Comparison of
these simulations with the same systems hosting the cognate
L-amino acids verifies that the intrinsic backbone conform-
ational propensities of the D-amino acids are the inverse of
their cognate L-enantiomers. Where amino acids have a
chiral center in their side chain (Thr, Ile) the b-configuration
affects the backbone sampling, which in turn can confer
different biological properties.
Keywords: conformational sampling/D-amino acids/
epimerization/MD simulation/racemization

Introduction

D-amino acids began to be isolated from natural products in
1935, first from alkaloids and then antibiotics produced by
Bacillus brevis (Lipmann et al., 1941). It is for this prevalence
in prokaryotic cyclic peptide antibiotics that D-amino acids are
well-known (Bodanszky and Perlman, 1968; Mor et al., 1992;
Skaugen et al., 1994; Heck et al., 1996; Sahl et al., 2008).
Lesser known is the extent to which D-amino acids appear
across the various kingdoms of life, including both inverte-
brates and vertebrates (Bodanszky and Perlman, 1968;
Corrigan, 1969; Mor et al., 1992; Skaugen et al., 1994; Heck
et al., 1996; Andreu and Rivas, 1998; Iida et al., 2001; Bozzi

et al., 2008; Sahl et al., 2008; Ohide et al., 2011). Recent inter-
est in D-amino acids has stemmed from mounting evidence of
their role in human physiology. Within humans, D-amino acids
exist as both free residues (Bodanszky and Perlman, 1968;
Corrigan, 1969; Mor et al., 1992; Skaugen et al., 1994; Heck
et al., 1996; Fuchs et al., 2005; D’Aniello, 2007; Sahl et al.,
2008; Wolosker et al., 2008) and within peptides and proteins
(Fisher et al., 1986; Shapira and Chou, 1987; D’Aniello et al.,
1992; Fujii et al., 2011). A gradual racemization of proteins
has been observed in aging populations, now implicated in
many aging-related diseases (Mor et al., 1992; Fuchs et al.,
2005; Fujii et al., 2011). Earlier, and more widespread, interest
in D-amino acids originates from their utility in drug design
(Pritsker et al., 1998; Das et al., 2003; Wilkemeyer et al.,
2004; Funke and Willbold, 2009; Figueiredo et al., 2012).
Proteins and peptides composed of D-amino acids are more
resistant to proteolysis by endogenous L-enzymes, prolonging
their biological half-lives (Milton et al., 1992; Pritsker et al.,
1998; Ben-Yedidia et al., 2002), and they can still illicit an
immune response (Sela and Zisman, 1997; Ben-Yedidia et al.,
2002). Hence, D-amino acid containing peptides make attract-
ive drug and vaccine targets. With increased accessibility to
chemically synthesized peptides and proteins (Schnölzer et al.,
1992; Cupido et al., 2007), including retro-inverso methods that
can generate topochemically equivalent reverse sequence
peptides (C- to N-terminal) (Wade et al., 1990), D-amino acids
are increasingly being utilized in redesigned and de novo
designed peptides and proteins (Cochran et al., 2001; Funke and
Willbold, 2009; Sievers et al., 2011; Kumar and Sim, 2014).

Knowledge of the intrinsic propensities of L-amino acids
has long been believed to be crucial in understanding nascent
structure and initiation of folding (Wright et al., 1988). In con-
trast, knowing the D-amino acid conformational propensities
will aid understanding of the disruption of regular secondary
structure, for example in disease states (Fujii et al., 2011), or
their predilection for certain advantageous secondary structure
in the case of cyclic peptides (Yongye et al., 2009). In organic
chemistry, there is unquestionable evidence that L- and
D-enantiomers are structural mirrors of one another; hence, it
seems logical that the behaviors of the L- and D-amino acids
should also mirror one another. However, there is a possibility
that, because of the asymmetry and directionality of the back-
bone dipole in proteins and peptides (Gunner et al., 2000;
Ripoll et al., 2005), the conformational propensities of L- and
D-amino acids might not mirror one another as closely as one
would presume. Except for surveys (Mitchell and Smith,
2003; Annavarapu and Nanda, 2009) of the Protein Data Bank
(PDB) (Berman et al., 2000) where the propensities of
D-amino acids are under-represented, no one to our knowledge
has rigorously studied the intrinsic propensities of D-amino
acids outside of specific contextual systems (Imperiali et al.,
1992; Chalmers and Marshall, 1995; Krause et al., 2000).
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The presence of D-amino acids in peptides or proteins is
usually the result of post-translational modification (Mor
et al., 1992; Kreil, 1994; Soyez et al., 2000), although in some
prokaryotes they are also incorporated through non-ribosomal
biosynthesis involving multi-enzyme complexes (Kleinkauf
and Döhren, 1996; Luo et al., 2002). In both ribosomal
and non-ribosomal biosynthesis, isomerization to the
D-configuration involves a mechanism that rearranges the Ha and
HN atoms. This mechanism, a-epimerization, only inverts the
structure at a single point in the peptide backbone with the chiral-
ity of the side chains retained. Such a simple inversion at the Ca
position results in the expectation that the geometry, secondary
structure preferences and conformational behavior of D-amino
acids and proteins will mirror their L-amino acid counterparts. It
has already been shown that mirror images of a number of pro-
teins can be obtained when composed of D-amino acids (Das
et al., 2003; Wiesehan et al., 2003; Pentelute, 2008; Funke and
Willbold, 2009), as first confirmed by the Kent lab’s production of
a mirror image of the wild-type HIV-1 protease through assembly
of the same amino acid sequence using the cognate D-amino acids
(Milton et al., 1992). Hence, it is expected that the intrinsic con-
formational propensities of the D-amino acids will also mirror that
of their L-counterparts.

Two exceptions that warrant special attention are isoleucine
and threonine; both these residues have chiral side chains
resulting in four possible optically active antipodes (L, L-allo,
D and D-allo). For the L-amino acids only one enantiomer is
naturally dominant (Ile: 2S, 3S; Thr: 2S, 3R); L-allo forms are
rarely seen (Meyer and Rose, 1936; Rabinovitz et al., 1955).
As mentioned above, in vivo mechanisms for incorporating
D-amino acids into proteins or peptides are consistent with
chirality being modified only at the Ca position in the back-
bone, the original chirality of the side chains at Cb being
retained in both L- and D-forms (D-allo-isoleucine and D-allo-
threonine) (Bodanszky and Perlman, 1968). Consequently, it is
expected we will always be presented with the D-allo antipodes
of Ile and Thr in nature (Bodanszky and Perlman, 1968; Bada
et al., 1970; Kreil, 1994), which may have propensities that do
not mirror those of the naturally dominant L-forms.

Previously, we used molecular dynamics (MD) simulations
of a Gly-based host–guest system (GGXGG) with each of the
L-amino acids placed in the central X position to determine
their intrinsic backbone conformational propensities (Beck
et al., 2008). The Gly-based system was chosen to confer the
greatest freedom of movement for the central guest residues
and allow sampling reflective of the natural conformational
tendencies of the central amino acids. This study revealed
that the proteogenic L-amino acids do indeed have intrinsic
conformational propensities. Here, to determine the corre-
sponding intrinsic conformational propensities of the D-amino
acids, we performed MD simulations using the same GGXGG
pentapeptides with the central position substituted with the
D-enantiomers of the naturally occurring amino acids, including
various protonation states and alternative side chain chirality
for Ile and Thr. All simulation trajectories were assessed to
have converged using methods published previously (Beck
et al., 2008; Towse et al., submitted). Comparisons of the
conformational sampling of multiple trajectories of the same
guest residue and of the first and latter portions of individual
trajectories showed a strong correlation (Supplementary Tables SI
and SII). Simulations of these particular host–guest systems for
the L-amino acids have previously been experimentally

validated against chemical shifts from nuclear magnetic reson-
ance experiments resulting in a Pearson correlation coefficient
of .0.9 between the simulated and experimental shifts (Beck
et al., 2008). Here, we take a first step in understanding the
structural and dynamic roles of the D-amino acids and present
the results for the D-amino acid counterparts and compare
them with our previous L-amino acid containing GGXGG
simulations. Furthermore, we investigate the impact of the
b-configuration on the conformational sampling of the two
D-antipodes of the Ile and Thr residues. The resulting D-amino
acid Ramachandran maps have been used to create conform-
ational libraries that can be used for protein and peptide
design. For example, we are using them to design inhibitors of
amyloidosis (Hopping et al., 2014).

Materials and methods

MD simulations of GGXGG pentapeptides
Gly-based host–guest pentapeptides were built with each of
the 20 ‘guest’ amino acids as the central X residue and expli-
citly modeled with N-acetylated and C-amidated blocked
termini to prohibit artificial interaction with the central resi-
dues. All pentapeptides were built with extended conforma-
tions, with the c and f angles set to 21808 and þ1808,
respectively. Two sets of pentapeptides were simulated, one
set with L-isomer guest residues and a second with D-isomer
guest residues. Ile and Thr are residues that have a second
chiral center in the side chain; the naturally dominant
L-enantiomers (Ile: 2S, 3S; Thr: 2S, 3R) and both of the pos-
sible D-enantiomers were simulated. Where applicable, penta-
peptides with alternative protonation states for the central
guest residue were generated. For Asp and Glu, both neutral
and acidic protonation states were used (Asp, Ash, Glu, Glh)
and, for histidine, three individual simulations were performed
for the two neutral tautomers, Hid (dH), Hie (1H), and the
acidic protonation state, Hip (dH and 1H). Cysteine was
modeled in the reduced state with the side chain protonated
(–CH2–SH, named Cyh in our force field).

The simulation protocol was as reported previously (Beck
and Daggett, 2004; Beck et al., 2008) using our in lucem
molecular mechanics (ilmm) package (Beck et al., 2000–2014)
with the Levitt et al. force field (Levitt et al., 1995; Beck and
Daggett, 2004). The microcanonical NVE ensemble (constant
number of particles, volume and energy) was used with non-
bonded interactions treated with an 8 Å force-shifted cutoff
(Beck et al., 2005) and the pentapeptides solvated by flexible
F3C explicit water models (Levitt et al., 1997). All systems
were simulated with a box size that reproduced the experimen-
tal density of 0.9970 g/ml at 298 K. To assess convergence,
multiple simulations were performed for the pentapeptides
containing both the L- and D-isomer Ala. For the L-isomer
dataset, duplicate simulations of the Arg, Ash, Asn, Asp, Cys,
Gln, Glu, Gly, Hid, Ile, Leu and Lys systems were also
acquired. All simulations were performed for 101 ns to assess
convergence; due to system equilibration, the first nanosecond
of each trajectory was discarded and the remaining 100 ns
used for analysis. The conformational propensities of the
duplicate simulations were determined, but only the multiple
simulations of Ala are presented in detail here; the other
amino acids showed comparable behavior. The total simula-
tion time for the simulations used for this analysis was 53 ms.
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Calculation of conformational propensities
To assess the conformational propensities of the central
‘guest’ residues, populations were calculated first for the four
quadrants of the conformational c/f space and then for specific
conformational regions within these quadrants. For the L-amino
acids, these conformational regions were defined as: aR:
21008 � f � 2308, 2808 � c � 258; near-aR: 21758 �
f � 21008, 2558 � c � 258; aL: 58 � f � 758, 258 � c �
1208; b: 21808 � f � 2508, 808 � c � 21708; PIIL:
21108 � f � 2508, 1208 � c � 1808; PIR: 21808 �
f � 21158, 508 � c � 1008. For the D-amino acids, the corre-
sponding conformational regions are defined as: DaR: 308 �
f � 1008, 58 � c � 808; near-DaR: 1008 � f � 1758, 58 �
c � 558; DaL: 2758 � f � 258, 21208 � c � 2258; Db:
508 � f � 1808, 2808 � c � 1708; DPIIL: 508 � f � 1108,
21808 � c � 21208; DPIR: 1158 � f � 1808, 21008 �
c � 2508. These regions are illustrated in Figs. 1A and B. For
both L- and D-amino acids, the actual b-region percentages used
in this paper cover the listed bounds above, minus the overlap-
ping PIIL and PIR regions; this was referred to as the non-
polyproline b-region (nPb).

Convergence analysis
Convergence of the simulated trajectories was assessed by
determining the populations of the quadrants for the central
three residues of each pentapeptide. The terminal residues are
able to sample conformational space more extensively than
those in the center of the pentapeptide; hence, these three
central residues alone were used to assess convergence. As each
pair of backbone f/c angles for the each residue can populate
one of the four quadrants, this results in 34 conformational
combinations for the three central residues (Supplementary
Fig. S1A). Hence, assessing convergence requires consideration
of 64 conformational states. The population of these states was
compared between simulations as well as within the first and
latter halves of an individual trajectory.

Effect size analysis
With datasets of the size analyzed here, even negligible varia-
tions will be determined to be statistically significant when

using traditional hypothesis testing methods. Hence, to detect
if the change of a central residue from an L- to D-configuration
influenced the f/c distributions, effect size analysis was per-
formed (Hedges and Olkin, 1985; Fritz et al., 2012). Circular
statistics were first used to calculate the mean and standard
deviation of the f and c angles for the central guest residues
within defined conformational regions. The effect size, E,
between the two distributions was then calculated using
Equation (1), where �x is the mean, N is the number of data
points and d is the standard deviations of the respective L- and
D-amino acid simulations.

E ¼ ð�xD��xLÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðND�1Þ dD

2þðNL�1Þ dL
2

NDþNL�2

s ð1Þ

To determine effect sizes between the L- and D-pairs, the
average angles for the D-amino acids were first multiplied by
21 (point reflection) to coincide with the same geometry of
the L-amino acids.

Results

Simulation convergence
For each individual trajectory, the conformational sampling
within the first and latter portions was compared in order to
assess whether it had converged. The first nanosecond of each
trajectory was discarded as the equilibration period. Hence, for
each trajectory the sampling in the 1–51 ns portion was com-
pared with that in the 51–101 ns portion. This analysis was
performed for pentapeptide systems containing both L-amino acids
(Supplementary Fig. S1B) and D-amino acids (Supplementary Fig.
S1C). Strong correlations (.0.8) were observed for all pentapep-
tides (Supplementary Table SI).

Multiple simulations were performed for some of the penta-
peptides to further test for convergence of sampling. For these
analyses the full trajectories, excluding the first nanosecond
equilibration period, were used, i.e. 1000–100 999 ps. As the
convergence of sampling for individual simulations was

Fig. 1. Defined quadrants and conformational regions for the L- and D-amino acids. (A) Labeling convention used for the four quadrants, QaR Qb, QaL and Qo,
and the regions within the quadrants pertaining to specific conformations: right-handed a-helix (aR), left-handed a-helix (aL), polyproline type II left-handed
helix (PIIL), polyproline type I right-handed helix (PIR) and remainder of non-polyproline b-region (nPb). (B) Corresponding conformational regions for the
D-amino acids: right-handed a-helix (DaR), left-handed a-helix (DaL), polyproline type II left-handed helix (DPIIL), polyproline type I right-handed helix (DPIR)
and remainder of non-polyproline b-region (DnPb).
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observed to be comparable (Supplementary Table SI), tripli-
cate simulations were only performed on the Ala-containing
pentapeptides for the D-amino acid dataset and compared
against that of the L-Ala systems (Supplementary Fig. S2).
Duplicate simulations were acquired for a number of penta-
peptides containing L-isomer guest residues to verify conver-
gence across different amino acid types. Comparison of
duplicated simulations for both L- and D-amino acids
demonstrated a strong correlation between the conformational
sampling in different trajectories. Hence, the simulations
converged (Supplementary Table SII).

Conformational sampling of f/c space
A comparison of the intrinsic propensities for the L- and
D-amino acids was made by examination of the sampling
across the four quadrants of the Ramachandran plot and within
smaller specified conformational regions (Fig. 1A). The
defined conformational regions in f/c space for the L-amino
acids were as reported previously (Beck et al., 2008; Towse
et al., submitted); to assess similarity with the D-amino acids,
we defined inverted conformational regions that took into
account the inverted geometry at the Ca atom by reflecting
through the origin f ¼ 0, c ¼ 0 (Fig. 1B). Two things were
assessed to conclude whether the pairs of L- and D-residues
unequivocally mirrored one another. First, we examined both
the bias towards and population of the conformational regions.
Second, we used effect size analysis to establish if the under-
lying f/c distributions within each of these individual regions
were equivalent. Based on replicate simulations, a population
change .8% in any region, or an effect size larger than 0.5
standard deviations, was deemed to be indicative of a substan-
tive difference (Supplementary Tables SV and SVI).

Across all simulations, the backbone f/c angle sampling of
the D-amino acids mirrored those of the L-amino acids (Fig. 2).
Except for Pro and Thr, all the amino acids demonstrated the
ability to sample all quadrants, although not to the same extent
(Supplementary Table SIII, Fig. 2). The L-amino acids prefer-
entially sampled the QaR and Qb quadrants with the largest
population in QaR, whereas the D-amino acids preferred the
inverted counterpart quadrants, QaL and Qo (Fig. 3). The
largest populations for the L- and D-amino acids were in the
QaR and QaL quadrants, respectively, and were of equivalent
magnitude consistent with the geometrical inversion at the Ca
position (Fig. 3). The preferences of the D-amino acids for spe-
cific conformational regions within a quadrant also mimicked
that of the cognate L-amino acids with equivalent populations
concentrated in the inverted counterpart regions (Fig. 4).
Biases were evident, as reported previously, with L- and
D-amino acids preferring the aR and DaR regions, respectively.
The b-branched residues Ile and Val showed a preference
shifted towards near-aR and near-DaR. Proline exhibited the
most bias, with an overwhelming preference for the PIIL and
DPIIL regions.

The largest differences detected by both changes in popula-
tion of the conformational regions and the underlying f/c dis-
tributions were for the Ile and Thr simulations, which we
discuss separately. Ignoring the special cases of Ile and Thr,
the largest differences between L and D populations were
observed for Pro. The population of DPIIL was 11% greater
than that of the PIIL population obtained for L-Pro and the
population of DaR was moderately reduced (213%) com-
pared with that in the corresponding aR region. Such

variations between the Pro L/D pair were anticipated given the
cyclized nature of the side chain and possible stronger inter-
action with the local backbone dipole than for other residues.
Other notable differences between the sampling of the L and D

counterpart regions were observed for Ash (aR/DaR, 9%), Glh
((aR/DaR, 9%), Met (aL/DaL, 9%) and Val (PIIL/DPIIL, 9%).
Another interesting discrepancy was that L-Hip sampled aL

Fig. 2. Sampling of conformational space by the guest L- and D-amino acids.
Ramachandran plots of the conformational populations of the guest residues in
all #1 simulation runs. The conformational regions are colored by increasing
percentage population and normalized on a scale of 0–1; legend is inset.
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5.4% of the time, but at no point was DaL sampled by D-Hip.
Although the difference in population of these mirrored
regions are marginally larger than the average differences
observed between replicates, effect size analysis showed
there to be no substantive difference in the underlying f/c dis-
tributions within these regions (Supplementary Table SVII).
One exception was the aL region sampled by D-Hip where
there was no population with which to perform such analysis.
Interestingly, despite aL and DaL conformations having
relatively low populations, some of the largest differences
between L/D residue pairs were observed in this region.
Although the changes themselves were small and comparable
with the observed variability between replicate simulations,
for nearly all residues the population in aL/DaL was more than
twice that in the corresponding region sampled by the residue
of opposite chirality. Approximately half of the residues exhi-
biting this behavior was as a result of increased sampling of
the DaL region by the D-amino acid.

Allo-forms of isoleucine and threonine
As Ile and Thr have a second chiral center in their side chains,
four enantiomers exist: L, L-allo, D and D-allo (Fig. 5). The
sampling of the naturally dominant L-forms of Ile and Thr and
the corresponding mirror-image reflections (D-Ile and D-Thr)

demonstrate that the propensity for certain conformational
regions is retained (Fig. 5). In both cases, there is a preference
for near-aR/near-DaR and aR/DaR in Ile and Thr, respectively.
Except for some variation in these sampled regions (�11%),
there was little difference in the size of the populations within
the corresponding conformational regions. For the L/D-Thr
pair, this parity was confirmed by effect size analysis, which
confirmed there to be no substantive difference in the f/c
distributions of the L- and D-amino acids (Table I). However,
the slightly greater population differences between the L/D-Ile
pair were accompanied by moderate shifts in the underlying
distributions, a likely consequence of the longer Ile side chain.

Larger sampling differences were observed between the
other D-antipodes and their cognate L-amino acids (Table I).
For the D-antipodes of Ile and Thr, the sampling of the
Ramachandran quadrants was most similar for D-Ile and
D-allo-Ile. Hence, the difference between the Ile antipodes was
not immediately apparent across the quadrants with only a
10% spread in the populations of QaR and QaL, indicative of
the antipodes sharing similar helical propensities (Supplementary
Table SV). The effect of the b-configuration on Thr sampling
was more pronounced across the four quadrants with a difference
of �20% between the QaL and Qo populations of D-Thr and
D-allo-Thr (Supplementary Table SV).

The difference between the antipodes became more appar-
ent when focusing on conformational regions related to specific
secondary structure (Fig. 5). Although L-Thr and D-Thr pro-
pensities mirrored each other well, D-allo-Thr showed a prefer-
ence for more extended structures, with nearly equivalent
populations of PIIL and aR (Fig. 5, Supplementary Table SV).
Conversely, it was L-Ile that exhibited a similar balance of
populations across the conformational regions and instead it
was both the D- and D-allo forms that demonstrated a greater
preference for the DnaR and DaR regions, respectively. For
both Ile and Thr, of the two most sampled conformational
regions, aR and near-aR, the slight preference of one by the
allo-forms is opposite to that observed for the mirror-image
L/D pair. For example, D-allo-Ile has a larger population in
DaR whereas the L- and D-Ile forms preferentially sample the
related near-aR and near-DaR regions (Fig. 5). Effect size ana-
lysis showed that, in addition to the distinguishable popula-
tions in given conformational regions, there were substantial
shifts in some of the f/c distributions (Table I).

The conformational propensities of these two residues
suggest a relationship to the configurations at the two chiral
centers. Where the configuration at the two chiral centers is
the same, e.g. CaL-CbL, a similar preference for certain
regions of conformational space is seen (Fig. 5). For example,
D-Ile and D-allo-Thr and L-Ile all have the same configuration
at the Ca and Cb positions and exhibit comparable conform-
ational propensities. Analogous to this, the antipodes of Ile
and Thr that have mixed configurations at the two chiral
centers (i.e. CaL-CbD or CaD-CbL) also have similar
(although inverted) propensities that are distinct from those
observed where the two configurations are the same (Fig. 5).

Discussion

Although it was expected that the intrinsic conformational pro-
pensities of the D-amino acids would mirror those of their
L-amino counterparts, there are scant confirmatory data. For
those amino acids with achiral side chains, our simulations

Fig. 3. Population of the four quadrants of the Ramachandran plot
highlighting the mirrored sampling of conformational space. The L-amino
acids show preference for the QaR and Qb regions and the D-amino acids
preferentially sample the opposite regions, QaL and Qo.
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confirmed the expected mirroring of conformational behaviors
(Figs. 2, 3 and 4). However, a larger problem concerns Ile
and Thr. These two residues have chiral side chains and the
incorporation of these D-amino acids through in vivo
a-epimerization, whether via ribosomal or non-ribosomal
pathways, results in D-allo-Ile and D-allo-Thr where the side
chain chirality is the same as the naturally dominant L-amino
acid counterpart (Bodanszky and Perlman, 1968; Bada et al.,
1970; Kreil, 1994). Unfortunately, when Ile and Thr are used
in peptide design, the details of the side chain chiralities are
often unspecified (or unknown). Presumably, in many studies
where mirror-image structures were obtained of proteins or
peptides containing Ile and Thr, D-Ile and D-Thr were used
with both chiral centers inverted (Milton et al., 1992; Hung
et al., 1998; Das et al., 2003; Wiesehan et al., 2003; Pentelute,
2008; Wei et al., 2009). However, the ambiguity of the forms
of Ile and Thr used makes assessing the impact of the
b-configuration on conformational propensities, and any
related biological activity, difficult. Here, we summarize the

data that existed previously regarding the conformational pro-
pensities of the D-amino acids, confirm the sampling behaviors
of the amino acids and discuss the impact of the side chain
chirality in the cases of Ile and Thr.

An initial survey of the PDB for conformations of D-amino
acids made it difficult to conclude if they mirror those of
L-amino acids, as not all the expected f/c regions were
sampled (Mitchell and Smith, 2003). For example, there was a
lack of D-amino acid conformations in the inverted aL region,
which was expected for any D-amino acids present in
a-helices (Mitchell and Smith, 2003). The dissonance
between what was expected and actually observed is a simple
reflection of the low occurrence of D-amino acids present in
the PDB and the limited contextual representation. In total,
only 148 entries were identified that contained non-artifactual
D-amino acids and only one natural protein contained a
D-amino acid with the remainder appearing in backbone cyclic
peptides, such as gramicidin-S. Hence, the results of the PDB
survey are somewhat expected given the known proclivity

Fig. 4. Population of specific regions of conformational space demonstrating
similarities in the conformational propensities of L- and D-amino acids. The
conformational regions are as defined in Figs. 1A and B and declared in the
Supplementary Information. Inverted conformational regions are used to
quantify the propensities of the D-amino acids and labeled as for the
complementary L-amino acid regions from which they have been transposed
(i.e. aR for the D-amino acids is DaR, as shown in Fig. 1 and discussed in the
text; the same is true for the other conformational states).

Fig. 5. Differences in the conformational propensities of three enantiomers of
isoleucine and threonine possible due to the additional chiral center in the side
chains. D-Ile and D-Thr are true reflections of the naturally occurring L-Ile and
L-Thr enantiomers. The allo-forms, D-allo-isoleucine and D-allo-threonine,
have been observed from post-translational modifications involving
epimerization at the Ca position; only the stereochemistry at the backbone is
affected with that of the side chains remaining the same. The percentage
population of specified conformational regions is shown along with the
corresponding Ramachandran plots demonstrating the impact of the
alternative stereochemistry in the side chain on the sampling of the D-amino
acids. For the D-forms, the conformational regions are those inverted across
the glide plane to correspond with the same areas specified for the L-forms as
shown in Figs. 1A and B.

C.-L.Towse et al.

452

http://peds.oxfordjournals.org/lookup/suppl/doi:10.1093/protein/gzu037/-/DC1


of D-amino acids for turn structures (Imperiali et al., 1992;
Struthers et al., 1996; Davies, 2003; Mitchell and Smith,
2003). Another PDB survey considered L- and D-amino acids
specifically within turn structures to predict propensities of
D-amino acids for aR-helix formation (Annavarapu and
Nanda, 2009). Outside of these contexts, little is known of the
D-amino acids structural propensities and the true conform-
ational behavior of D-amino acids is under-represented in the
available structural databases.

Our simulations confirmed the expected mirroring of L- and
D-amino acid conformational propensities for those residues
with achiral side chains. Furthermore, as our peptides were not
as conformationally restricted as those in the PDB, our simula-
tions demonstrated that D-amino acids do indeed sample
conformations within the inverted DaL region. Some small
differences in the populations of the quadrants and specified
conformational regions between the D- and L- forms of a
number of the residues with achiral side chains were observed
(Figs. 3 and 4). This suggests that it is possible that modest dif-
ferences in D-amino acid propensities may be seen in some
cases and could be a result of backbone dipole and side chain
interactions. However, the variability observed between mul-
tiple simulations of a given pentapeptide ranged from 2%
(Asn) to as high as 10% (Gly) (Supplementary Table SV). As
the variation between simulations of the L- and D-enantiomers
of a given residue were of comparable magnitude to the

simulation-to-simulation variability (Supplementary Tables
SIII and SIV), we concluded that there were no significant dif-
ferences. An exception was the unmistakable differences in
the conformational sampling by the antipodes of Ile and Thr.
We determined that D-allo-Thr preferred more extended struc-
tures than D-Thr; D-Thr sampled QaL 75% of the time with a
clear preference for aR conformations. Ile antipodes also
showed slight preferences towards helical regions. Although
D-allo-Ile showed a shift to aR from the near-aR preferred by
L-Ile, unlike Thr the propensities were less distinct and both
D-allo-Ile and D-Ile exhibited similar propensities for helical
structures. From collective examination of the antipodes, it
appeared that the conformational propensities of Ile and Thr
were tied to the configurations at the two chiral centers. The
preference for a conformational region, naturally inverted for
the D-amino acids, appears dependent on whether the configur-
ation of the two chiral centers match, e.g. CaL-CbL, with
L-Ile and D-allo-Thr showing very similar conformational pro-
pensities (Fig. 5). Where antipodes have the same configur-
ation at the Ca and Cb positions, they exhibit comparable
conformational propensities.

Due to the inverted stereochemistry at the chiral centers and
corresponding preferences of D-amino acids for opposing
regions of conformational space to that of the L-counterparts,
the introduction of D-amino acids into L-peptide or proteins
often results in destabilization of secondary structure (Krause

Table I. Effect size analysis and percentage change in population of conformational regions sampled by the L-, D- and D-allo-isoleucine and threonine simulations

Simulation #1 Simulation #2 Region uL 2 uD (8) Pooled d (8) Effect size j% Dj

f c f c f c

L-Ile D-Ile aR 0.1 2.4 11.0 15.1 0.01 0.16 0.5
naR 6.9 3.1 15.3 12.0 0.45 0.26 11.2
aL 8.3 9.4 14.3 14.8 0.58 0.63 0.2
b 11.3 19.4 25.2 24.8 0.45 0.78 2.1
PIIL 3.0 9.4 15.0 14.1 0.20 0.67 4.3
PIR 12.1 8.6 12.9 14.4 0.94 0.60 0.4

L-Ile D-allo-Ile aR 2.1 8.6 11.3 14.3 0.19 0.60 16.4
naR 4.0 11.0 12.4 12.7 0.32 0.86 3.3
aL 23.2 3.0 12.4 15.9 1.87 0.19 0.9
b 8.3 20.4 22.7 28.1 0.37 0.73 0.3
PIIL 1.0 4.8 15.0 14.8 0.07 0.32 3.2
PIR 1.3 7.6 10.7 14.5 0.12 0.52 0.3

D-Ile D-allo-Ile aR 2.1 11.0 11.4 13.3 0.18 0.83 16.9
naR 10.9 7.9 15.1 12.3 0.72 0.64 14.6
aL 14.9 6.4 13.0 15.6 1.15 0.41 0.7
b 19.6 1.0 26.0 26.0 0.75 0.04 2.3
PIIL 2.0 4.6 15.0 15.0 0.13 0.31 1.1
PIR 13.4 1.0 13.0 14.8 1.03 0.07 0.8

L-Thr D-Thr aR 1.3 2.2 12.5 14.3 0.11 0.15 5.6
naR 0.8 0.4 12.9 12.3 0.06 0.03 2.3
aL 1.8 3.0 11.2 16.3 0.16 0.18 1.4
b 2.3 4.4 23.7 25.3 0.10 0.18 2.2
PIIL 0.3 4.0 14.3 15.3 0.02 0.26 3.4
PIR 0.7 0.7 10.2 14.7 0.07 0.05 0.3

L-Thr D-allo-Thr aR 4.4 3.5 12.5 14.8 0.35 0.23 22.5
naR 3.1 2.7 13.3 12.9 0.24 0.21 4.5
aL 23.8 16.0 11.1 16.5 2.14 0.97 1.6
b 16.4 28.1 25.5 28.9 0.64 0.97 1.9
PIIL 0.8 9.3 14.6 15.1 0.05 0.62 9.8
PIR 7.6 3.4 12.0 14.5 0.64 0.23 1.1

D-Thr D-allo-Thr aR 3.1 1.3 12.1 14.5 0.26 0.09 28.1
naR 4.0 2.3 13.3 12.7 0.30 0.18 2.2
aL 22.0 13.0 12.6 14.4 1.75 0.90 0.2
b 18.7 32.6 25.3 27.4 0.74 1.19 4.1
PIIL 1.1 13.3 14.5 14.7 0.08 0.91 13.1
PIR 6.9 2.7 12.3 14.4 0.56 0.19 1.4
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et al., 1995, 2000; McInnes et al., 2000; Mitchell and Smith,
2003; Lee et al., 2004). For example, where L-amino acids
preferentially form aR-helices, it is possible that the corre-
sponding D-amino acid more favorably forms aL structure,
such that this D-amino acid in an L-helix disrupts the structure
(Krause et al., 2000). Our results show agreement with these
experimentally derived rankings of helix destabilization.
Previously, a link between the destabilization of a-helices by
D-amino acids and a low propensity of the L-counterparts for
aL turns was suggested, these low propensities were believed
to reflect favorable aR-helix formation by the D-amino acid
(Annavarapu and Nanda, 2009). Hence, the extent of sampling
of the DaL region, which marginally overlaps with the aR

region, should also be an indication of potential D-amino acid
propensities for aR-helix formation; sparse sampling of DaL

should be consistent with the extent to which a given D-amino
acid can destabilize a aR-helix. Consequently, we inspected
the sampling of the DaL region by the D-amino acids and
observed similar patterns in helix destabilizing propensity
to those determined experimentally (Krause et al., 2000;
Annavarapu and Nanda, 2009). Interestingly, nearly all
D-residues that had a DaL population twice that of aL for the
corresponding L-amino acid correlated with those previously
determined to be weak helix destabilizers (Krause et al.,
2000). Based on the DaL populations, our simulations suggest
that the b-branched residues and Pro would be strong destabi-
lizers, with D-His being the weakest aR-helix destabilizer, in
agreement with experiment (Annavarapu and Nanda, 2009).
This agreement with experiment lends more support to valid-
ation of our simulations in addition to the extensive conver-
gence analysis performed.

As mentioned above, the ambiguity in declaring the side
chain chiralities of Ile and Thr in peptide design studies means
that there is very little experimental data for the impact of the
b-configuration on the conformational preferences of these
residues. However, there are reports that the b-configuration
has an impact on biological properties (Rabinovitz et al.,
1955; Gullino et al., 1956; Winitz et al., 1956). For example,
enantiomers of Ile and Thr, where the absolute configuration
is different at the two chiral centers, i.e. CaLCbD or
CaDCbL, are less susceptible to oxidase enzymes than their
counterparts with the same stereochemistry at both chiral
centers (Winitz et al., 1956). Thus, D-Thr and D-allo-Ile, with
mixed stereochemistry, are both less susceptible to oxidase
than their corresponding D-antipodes. Examination of the con-
formational sampling of these residues reveals patterns that
are consistent with these biological observations. Where the
chirality is the same at both chiral centers, the propensities,
although inverted, are similar. However, where the chirality is
different, there is a shift in the conformational propensities.
The D-allo-Ile (CaL-CbD) propensities match that of the
L-Thr (inverted) and D-Thr residues all showing a preference
towards aR regions (Fig. 5). Where the stereochemistry is the
same at both centers (L-Ile and D-Ile and D-allo-Thr), the sam-
pling is biased towards the near-aR regions.

From other studies, we know that only structures analogous
to L-Ile, and not L-allo-Ile, are able to inhibit incorporation of
radioactive L-Ile into proteins (Rabinovitz et al., 1955), and
D-allo forms of Ile and Thr exhibit lower toxicities than the
respective D- and L-non-allo forms (Gullino et al., 1956).
Although not frequently found in D-amino acids containing
natural products, the relevance of the b-configuration may not

appear compelling at this time, but it should be noted that D-Ile
was shown to be crucial for biological activity in two peptide
ethanol antagonists and no mention was made of its side chain
chirality or indeed that there are two possibilities (Wilkemeyer
et al., 2004). Moreover, it should be kept in mind that the
D-allo forms may become a salient point in future studies of
the structural effects of in vivo racemization related to aging
and disease. Thus, gaining greater insight into the conform-
ational behaviors of allo and non-allo forms has relevance to
explaining observed biological differences.

In summary, through exhaustive sampling, we have con-
firmed that the intrinsic conformational propensities of the
L- and D-amino acids mirror one another. The bias observed by
L-amino acids for certain regions of conformational space is
adhered to by D-amino acids in the corresponding inverted
regions. This library of D-amino acid propensities now forms
part of our Structural Library of Intrinsic Residue Propensities
available at http://dynameomics.org. More importantly, we have
investigated for the first time the impact of b-configurations on
the conformational propensities of the Ile and Thr backbones.
We show an interesting contrast between the D- and D-allo-series
of the Thr and Ile residues that suggests that this should be taken
into account in designing synthetic peptides to mimic those
D-containing peptides found in nature. This comprehensive
view of the conformational propensities of the L- and D-amino
acids provides a foundation to assist in future peptide design
work and to better understand the conformational changes asso-
ciated with incorporation of D-amino acids in proteins.

Supplementary data

Supplementary data are available at PEDS online.
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