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1. INTRODUCTION

We hypothesize that polar D-amino acids can stabilize the
carboxy termini of α-helices through side chain to backbone
hydrogen bonds. Computational methods are developed to
predict the energetic consequences of such substitutions. A major
drawback of peptide therapeutics that limits their biomedical
application is low thermodynamic stability, which results in weak
activity and rapid degradation by endogenous proteases. Globular
proteins typically maintain stable native structures through ex-
tensive tertiary contacts within hydrophobic cores. Peptides have
minimal tertiary contacts, resulting in highly dynamic ensembles
that significantly populate partially or fully unfolded states.
Strategies to stabilize peptides focus either on enhancing the
scant tertiary structure or favoring secondary structure. Various
chemical approaches have been developed to modulate protein
stability, such as engineering disulfides1 or metal binding sites2 or
incorporating fluorine-derivatized amino acids.3 Constrained
oligoproline derivatives have been used as templates for helix
initiation, improving both folding kinetics and stability.4 Various
bio-orthogonal chemical approaches have been used to improve
peptide stability by linking side chains5 or replacing a backbone
hydrogen bond with a carbon�carbon bond.6

Our understanding of the role of stereochemistry in protein
structure and folding comes from seminal contributions by Rama-
chandran in the early 1960s and 1970s.7,8 Models of allowed
dipeptide conformations based on hard-sphere sterics of atomic
interactions have provided a physical basis for understanding the
complex structures of natural proteins. High-resolution structures
of model peptides have provided some glimpse into the increased

structural diversity accessible with non-natural amino acids.9 Work
on somatostatin demonstrated that incorporating D-amino acids
into small peptides could dramatically enhance their biological
activity.10 Introducing one or at most a few D-amino acids has been
used to stabilize β-turns,11,12 novel folds,13 and larger proteins.14

We build on previous work and explore the use of computational
design with D-amino acids to stereochemically favor native second-
ary structure as a strategy for improving peptide thermostability.

Typically, incorporation of D-amino acids into existing proteins
and peptides will adversely impact structure and stability. Sub-
stituting an L-Ala for a D-Ala in the middle of an α-helix reduces its
stability by ∼1 kcal/mol due to steric clashes between the side
chain methyl and the backbone carbonyls of proximal residues in
the polypeptide chain.15 In specific contexts, a Gly to D-Ala
substitution at the carboxy terminus can improve its stability.16�18

Glycine plays a unique structural role at the carboxy terminus of an
α-helix, forming a network of hydrogen bonds that cap backbone
carbonyls of adjacent residues while directing the chain to the next
structural element. These structural “punctuation marks” have
been frequently observed in natural proteins.19 Glycine lacks a
side chain, allowing it to easily assume an αL conformation (ϕ ≈
+65�, ψ ≈ +42�), which is energetically unfavorable for the other
19 L-amino acids.8 By replacing Gly with D-Ala, it is possible to
stably form the αL capping structure without the entropic cost of
fixing the conformation of glycine. This strategy has been applied to
several proteins with mixed results. In a series of Gly to D-Ala
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ABSTRACT: Judicious incorporation of D-amino acids in engineered proteins
confers many advantages such as preventing degradation by endogenous
proteases and promoting novel structures and functions not accessible to
homochiral polypeptides. Glycine to D-alanine substitutions at the carboxy
termini can stabilize α-helices by reducing conformational entropy. Beyond
alanine, we propose additional side chain effects on the degree of stabilization
conferred by D-amino acid substitutions. A detailed, molecular understanding
of backbone and side chain interactions is important for developing rational,
broadly applicable strategies in using D-amino acids to increase protein
thermostability. Insight from structural bioinformatics combined with compu-
tational protein design can successfully guide the selection of stabilizing D-amino acid mutations. Substituting a key glycine in the Trp-
cageminiprotein with D-Gln dramatically stabilizes the fold without altering the protein backbone. Stabilities of individual substitutions
can be understood in terms of the balance of intramolecular forces both at the α-helix C-terminus and throughout the protein.
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substitutions in small proteins, it was found that stability was
improved by anywhere from 0.6 to 2 kcal/mol.16 Equivalent
substitutions in ubiqutin showed no increase in stability.17 In a
monomericα-helix, it was found that D-Ala had no effect, but D-Arg
stabilized the helix by∼1 kcal/mol.20 These discrepancies indicate
that the role of stereochemistry in modulating helix stability is still
an open problem. A systematic and rigorous exploration of
stereochemical rules will be critical in developing rational and
computationalmethods for engineering enhanced peptide stability.

In this study, we investigate the potential for D-amino acids to
stabilize the ends of α-helices through both reducing backbone
flexibility and promoting novel side chain to backbone hydrogen
bonds that are not accommodated by equivalent L-stereoisomers.
The potential for such interactions was noted in Monte Carlo
simulations of poly-LD-alanine peptides, sampling both backbone
flexibility and side chain chirality.21 In simulations of an 11-residue
polyalanine peptide, (L-Ala)9-D-Ala-L-Ala and (D-Ala)9-L-Ala-D-Ala
were frequently found. These corresponded to right- and left-
handed α-helices, respectively. Interestingly, the change in chirality
at the end of the sequence was due to the incorporation of
C-capping motifs (Figure 1A). Note that the methyl group of
alanine is proximal to exposed carbonyls of the helix terminus. We
hypothesized other amino acids besides alanine might provide
additional stability through additional side chain to backbone
hydrogen bonds. An example of such an interaction was found in
the high-resolution structure of the enzyme alanine racemase,22

where the imidazoleNδ1 nitrogen of an L-histidine at theC0 position
made a hydrogen bond to the C1 carbonyl in a preceding αL turn.

Previous work on helix capping with natural amino acids often
utilized the Protein Data Bank (PDB) as a resource for identify-
ing common interactions at the ends of helices.23 Finding similar
motifs involving D-amino acids has proved challenging, because
only a minute fraction of the structures deposited in the PDB
contain D-amino acids.24 Of these cases, many are short cyclic
peptides that do not contain helical elements. To address this
issue, we implemented a “mirror-image template” search of the
PDB.25 The examination of αL-containing structures in the PDB
has traditionally been useful in exploring the structural role of side
chain stereochemistry.26 It was reasoned that amino acids making

side chain hydrogen bonds to the backbone of left-handed turns
would be the mirror-image equivalent of D-amino acids interacting
with right-handed turns. By normalizing the frequencies of
observed amino acids flanking left-handed turns to random
expectation, several over-represented and under-represented re-
sidues at both the N- and C-termini of helices were identified.
Glutaminewas a particularly promising candidate, in terms of both
its propensity (3.7-fold over-represented) and the presence of C0
side chain to helix backbone hydrogen bonds in multiple high-
resolution protein structures (an example is shown in Figure 1B),
suggesting that D-Gln should be stabilizing at the C-terminus of an
αR-helix. Conversely, asparagine had a propensity of 0.6, suggest-
ing it was unfavorable at this position. Less than a hundredαL turns
were identified in the previous study, resulting in large statistical
uncertainties. It is crucial to test the validity of these motifs in an
experimental system as is being done here. Furthermore, the
C-termini of α-helices are often at the protein surface, making
extensive interactions with solvent.27 Thus, the expected contribu-
tion of such hydrogen bonds is debatable, given that formation of
the interaction would come at the expense of desolvation.17,28

To test the prediction that certain polar D-amino acid motifs at
the C0 position can stabilize an αR-helix, we describe the design
and characterization of D-amino acid substitutions to the Trp-
cage miniprotein TC5b (Trp-cage version 5b).29 The Trp-cage
was chosen as a model system for several reasons. It has been the
subject of intense computational and biophysical study, making it
a well-understood model system for protein folding.30�32 At 20
amino acids long, the Trp-cage is readily accessible to modifica-
tion with non-natural amino acids by solid-phase peptide synth-
esis. Its small size alsomakes it amenable tomolecular simulation,
and a significant number of molecular dynamics studies have
been performed on it.31,33 Unlike many peptides of this size,
folding is cooperative and can be described as a two-state
process,34,35 simplifying thermodynamic interpretations of ami-
no acid substitutions. Previous work onmembers of the Trp-cage
family demonstrated that D-Ala substitutions could dramatically
raise protein thermal stability.18 This study will present the
design, thermodynamic stability, solution structure, and molec-
ular dynamics characterizations of several Trp-cage D-amino acid
variants with the goal of developing computational tools for the
design of thermostabilizing substitutions.

2. MATERIALS AND METHODS

2.1. Sample Preparation. Peptides were synthesized using solid-
phase 9-fluorenylmethoxycarbonyl (FMOC) chemistry at the Tufts
University Core Facility (http://www.tucf.org). N- and C-termini were
acetylated and amidated, respectively. Peptides were purified to 90%
purity by reversed-phase high-performance liquid chromatography
(HPLC), and products were verified by mass spectrometry. Sequences
in this study are as follows:

TC5b WT NLYIQWLKD G GPSSGRPPPS
TC5b G10A NLYIQWLKD A GPSSGRPPPS
TC5b G10Q NLYIQWLKD Q GPSSGRPPPS
TC5b G10DA NLYIQWLKD DA GPSSGRPPPS
TC5b G10DQ NLYIQWLKD DQ GPSSGRPPPS
TC5b G10DN NLYIQWLKD DN GPSSGRPPPS

2.2. Thermal and Chemical Denaturation. 2.2.1. Circular
Dichroism (CD). Peptides were dissolved in deionized water, and the
concentration was measured at 280 nm using an extinction coefficient
of 6990 M�1 cm�1. Peptide solutions at 50 μM concentration were

Figure 1. C-capping of an α-helix: (A) C-capping motif from a poly-
Ala, (D)9(L)2, peptide obtained fromMonte Carlo simulations of poly-LD-
Ala peptides in a previous study (ref 21), (B) example of a natural L-Gln
C0 capping motif in an αL turn (residues 297�301 of PDB entry 2J6L).
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prepared by diluting peptide stocks in 10 mM phosphate buffer, pH 7.0.
CD experiments were performed on an Aviv model 400 spectrometer
(Aviv Biologicals, Lakewood, NJ). Ellipticity spectra were collected from
190 to 260 nm in 0.5 nm steps at 25 �C. A 1.0 nm bandwidth, 1 s
averaging time, and 1 s equilibration time were used. Molar ellipticity
was calculated by multiplying raw values by the peptide concentration
(50 μM), number of residues (20), and cell path length (1 mm).

For thermal denaturation, peptide solutions were diluted in 10 mM
phosphate buffer (pH 7.0) to obtain a concentration of 50 μM. Ellipticity
was measured at a wavelength of 222 nm with a bandwidth of 1.0 nm,
temperature dead band of 0.15 �C, temperature equilibration time of
1.0 min, and averaging time of 2.0 s. Temperatures ranged from 0 to 80 �C
in 2 �C steps. Temperature melts were conducted for six concentrations of
guanidine HCl (GnHCl) for each peptide: 0.0, 1.0, 2.0, 3.0, 4.0, and 5.0 M.

Temperature melt plots obtained for multiple GnHCl concentrations
were fit to folded and unfolded baselines. Heat capacity was assumed to
remain constant with changes in GnHCl concentration for each Trp-
cage variant. The fraction folded, f(T), was calculated:

f ðTÞ ¼ ½θðTÞ � θUðTÞ�=½θFðTÞ � θUðTÞ� ð1Þ
where θ, θF, and θU are the observed ellipticity, ellipticity of the folded
form, and ellipticity of the unfolded form, respectively.

Free energy (ΔG), enthalpy (ΔH), and heat capacity (ΔCP) esti-
mates were fit to the experimental data using the Gibbs�Helmholtz
equation and the following relationships:

ΔG ¼ ΔHð1� T=TMÞ �ΔCPððTM � TÞ þ T lnðT=TMÞÞ ð2aÞ

K ¼ expð �ΔG=ðRTÞÞ ð2bÞ

α ¼ K=ð1 þ KÞ ð2cÞ

θt ¼ αðθF � θUÞ þ θU ð2dÞ
TM is the melting temperature, and α is the model fraction folded.
2.2.2. Differential Scanning Calorimetry (DSC). DSC experiments

were carried out on an N DSC II (Applied Thermodynamics) calori-
meter. The instrument was run using deionized water in sample and
reference cells from 273 to 373 K for at least 10 scans to ensure
stabilization of the readings. Trp-cage peptides were dialyzed as de-
scribed. Solutions of Trp-cage variants were prepared in 10 mM
phosphate buffer (pH 7.0) at a concentration of 2 mg/mL. Aliquots
(800 μL) of sample and buffer solutions were loaded into their
respective cells while the instrument temperature was between 293
and 313 K. The pressure was then slowly raised to 2 atm. The
temperature was raised from 273 to 373 K at a rate of 1.5 K/min. An
equilibration time of 10 min was allowed between scans.
2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

and Structure Calculations. Spectra were collected on a Varian
Inova 600 MHz spectrometer at 4 �C. Samples were 1.5�2 mM protein
in 10 mM potassium phosphate buffer, pH 7.0.

The majority of experiments were conducted using an unlabeled Trp-
cage 10DQ sample with 10% D2O for frequency lock. 1H�1H NOESY
(nuclear Overhauser effect spectroscopy)36 and 1H�1H TOCSY (total
correlation spectroscopy)37 spectra were collected using WATERGATE
solvent suppression and assigned by standard methods. A DIPSI-238 spin
lock was employed for TOCSY, and mixing times of 60, 150, and 200 ms
were used in the NOESY spectra. Spectral widths were 7000 Hz for both
directions of 1H.

To resolve ambiguous assignments for some of the D-glutamine
atoms, a sample was created with the 10th position residue uniformly
labeled by 15N and 13C. Due to the prohibitive cost of labeled D-amino
acids, a peptide with inverted chirality was synthesized: this peptide was

synthesized with all D-amino acids except at position 10, where
uniformly 15N,13C-labeled L-glutamine was used. A CD spectrum of
the inverso-TC5b G10DQ was consistent with a folded, mirror-image
structure (Figure S1, Supporting Information). Sensitivity-enhanced
13C and 15N HSQC (heteronuclear single-quantum correlation)39

spectra of this sample were collected in 100% D2O for 13C and 10%
D2O for 15N. Spectral widths were 6000 Hz for 1H, 24130 Hz for 13C,
and 2000 Hz for 15N.

1H�1H NOESY spectra with 150 ms mixing times were collected in
100% D2O using double 13C isotope filters, resulting in cross-peaks and
distance constraints between 13C-bound protons only. Similar spectra
collected using a 15N isotope filter for the first proton and a 13C isotope
filter for the second in 10% D2O resulted in cross-peaks and distance
constraints between 15N-bound protons and 13C-bound protons only.
Spectral widths were 6000 Hz for 1H.

Natural-abundance sensitivity-enhanced constant-time 13C HSQC
was performed to confirm the NOESY and TOCSY-based assignments.
Spectral widths were 7000 Hz for 1H and 24130 Hz for 13C.

Nuclear Overhauser effect (NOE) intensities were obtained from
NOESY spectra. The constraints were converted to distance and used in
a simulated annealing protocol using the ARIA40 and CNS41 software
packages. Assignments and the constraints list are included in the
Supporting Information.

A total of 50 structures were generated, out of which 20 structures
were kept. The total energy was used for the sort criterion. A total of 425
restraints were used for structure calculation, with zero violations. Out of
the used restraints, there were 282 unambiguous restraints and 143
ambiguous restraints. The lowest energy structure was deposited in the
PDB (http://www.rcsb.org/pdb under accession ID 2LDJ).
2.4. ComputationalMethods. 2.4.1. Design of Trp-CageVariants

with protCAD.Computational models of Trp-cage D-amino acid variants
were created using protCAD (protein Computer Aided Design)42 soft-
ware. This protein design package is versatile and can be used for various
design functions, such as energy calculations, mutations, changes to
backbone and side chain dihedrals, andmodeling simulations. Variants of
the Trp-cage, where D-amino acids replaced left-handed glycines, were
modeled using the structure of Trp-cage variant TC5b as a starting point
(PDB entry 1L2Y).29 All rotamers of D-Gln were modeled at position 10
of the Trp-cage using protCAD software, and the total van der Waals
(vdW) energy was computed using nonbonding united-atom parameters
fromAmber 95.43 Hydrogen bonds were calculated using a side chain Nε
to backbone carbonyl oxygen distance cutoff of 3.5 Å (g�, gauche �;
t, trans; g+, gauche +).

2.4.2. Molecular Dynamics (MD) Simulations. The atomic coordi-
nates for the wild-type (WT) Trp-cage were obtained from the PDB, entry
1L2Y.29 The following mutations were generated in the WT structure in
silico with the leapmodule of Amber 10:44 G10A, G10Q, G10DA, G10DN
and G10DQ.

MD simulations were performed for the different protein variants
using Amber 10.44 The initial structures were immersed in a pre-
equilibrated truncated octahedral cell of TIP3P explicit water
molecules,45 and counterions were added to neutralize the systems.
Protein atoms were described with the parm99SB43,46 force field
parametrization. The protonation state of the titratable residues corre-
sponded to the stable form at pH 7.0. Water molecules extended at least
12 Å from the surface of the proteins. Simulations were performed in the
NPT ensemble (constant pressure of 1 atm and temperature of 300 K
were maintained using the Berendsen coupling scheme47) employing
periodic boundary conditions. The SHAKE algorithm was employed to
keep bonds involving hydrogen atoms at their equilibrium length.48

The systems were optimized, heated to 300 K, and equilibrated for
200 ps. The structures were then simulated until the root-mean-square
deviation (rmsd) as a function of time was stable for at least 50 ns (total
simulation time was more than 100 ns for each). The converged last
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50 ns were used for data analysis. rmsd's, root-mean-square fluctuations
(rmsf 's), average structures, and hydrogen bond frequencies were
calculated for each of the systems using the ptraj module of Amber
10.44 Cluster analysis was performed with the program kclust from
MMTSB,49 using rmsd as the similarity measure, with a cutoff of 2 Å.
2.4.3. Generating Potentials of Mean Force. To describe the thermo-

dynamics of the side chain capping interaction in G10DN and G10DQ,
we computed the Helmholtz free energy, A(r), along the distance r
between the side chain of residue 10 (Nδ in G10DN and Nε in G10DQ)
and the backbone carbonyl of Leu7, Lys8, and Asp9, yielding a free
energy profile or a potential of mean force (PMF):50

AðrÞ ¼ � kBT ln ζðrÞ þ constant ð3Þ

where kB is the Boltzmann constant, T is the absolute temperature, and
ζ(r) is the probability of the coordinate taking on a particular value of r.
The constant was chosen so that the most probable distribution
corresponded to a free energy of zero.
2.4.4. Estimating Side Chain Entropy. To estimate the change in

entropy of side chain 10 between the folded and unfolded states in
G10DN and G10DQ, two additional simulations that represented the
unfolded states were performed. These consisted of the tripeptides
GNG and GQG in explicit solvent, using the same parameters as above.
Both peptides were simulated for∼160 ns, and the last 50 ns were used
for data analysis.

The conformational entropy, S, of the residue 10 side chain in G10DN
andG10DQ and the central amino acid in GNG andGQGwas estimated
using the classical definition:

S ¼ � kB ∑
i
pi ln pi ð4Þ

where the sum is taken over all conformational states (side chain
rotamers) of the system and pi is the probability of being at a particular
state i. The change in conformational entropy was calculated for
different side chain rotamer definitions, including two binning offsets
(from 0� to 360� and from 30� to 390�) and three bin sizes (30�, 60�,
and 90�) for χ1 and χ2 in Asn and χ1, χ2, and χ3 in Gln (Table S2,
Supporting Information). The averages of these values are reported in
Table 3.

The vibrational entropy of the side chain in G10DN and G10DQ and
the central amino acid in GNG and GQG was estimated by calculating
the quasi-harmonic entropy51 using the ptrajmodule of Amber 10. In this
approach the atomic fluctuationmatrix is calculated as themass-weighted
covariance matrix obtained from the snapshots of the MD simulation.
The structures obtained from the simulations were spatially super-
imposed to a common reference structure to exclude all translational
and rotational motions exhibited by the molecule.52 The entropy was
estimated every 250 ps from the last 50 ns of the MD simulations. The
calculation was performed for the side chain heavy atoms of residue 10.

3. RESULTS AND DISCUSSION

3.1. Stereochemistry and Structure. The TC5b sequence29

was selected as the starting point for all molecular engineering
efforts. On the basis of the solution NMR structure, Gly10 is in
the αL conformation at the end of a nine-residue α-helix, making
it an ideal candidate for introducing D-amino acid substitutions.
As a negative control, two L-amino acid variants were tested:
G10A and G10Q. Although it was expected that such substitu-
tions would be inherently destabilizing, we weremotivated to test
them experimentally for two reasons: to explore the importance
of correct αL favoring stereochemistry at position 10 for protein
stability, and previous structural bioinformatics work uncov-
ered several examples of glutamine in an αL position following a

right-handed helix making side chain�backbone hydrogen
bonds which could presumably provide stability.
Both L-variants showed no helical secondary structure as

measured by CD at 25 �C, instead adopting a fully random-coil
state (Figure 2A). No thermal unfolding transition was observed
by CD. In contrast, WT TC5b was clearly α-helical, with
characteristic minima in the CD spectrum at 208 and 222 nm.
A residue capable of easily accommodating anαL conformation is
clearly important for folding, and while L-Gln can contribute an
α-helix-capping hydrogen bond when introduced in TC5b, it is
not sufficient to retain structure.
MD simulations on L-amino acid-substituted variants were

consistent with experimental observations: the structure signifi-
cantly deviated from the WT TC5b throughout the simulations
(Figure 3A), and backbone fluctuations significantly increased in
both L-variants with respect to theWT (Figure 3C). Although the
average structure of G10A was similar to that of the WT in the
production run (Figure 3E), averaging can mask dynamics
throughout the entire simulation. Snapshots during this run
significantly deviated from a WT conformation (Figure S2,
Supporting Information). In the case of G10Q, the average
structure was also significantly different from that of the WT in
the production run (Figure 3E), and snapshots from the entire
simulation show that key hydrophobic core interactions between
theα-helix and the polyproline stretch were compromised (Figure S3,
Supporting Information), resulting in partial unfolding.
Given the lack of structure of G10A and G10Q substitutions,

we proceeded to focus on D-amino acid substitutions at this
position. G10DA was predicted to stabilize TC5b by stereoche-
mically favoring the αL conformation, reducing the entropic cost
of folding. On the basis of previous analysis of the PDB, D-Gln is
hypothesized to be the most favorable helix-capping residue.25

TC5b G10DA, G10DN, and G10DQ variants were synthesized
and examined for structure and stability. CD spectra of all D-
variants were consistent with significantα-helical structure and had
stronger negative ellipticity bands at 208 and 222 nm relative to
those of WT TC5b (Figure 2B). Tryptophan fluorescence emis-
sion spectra of WT and modified D-amino acid peptides were

Figure 2. Far-UV CD spectra of the Trp-cage variants at 25 �C: (A)
WT, G10A, and G10Q, (B) WT, G10DA, G10DN, and G10DQ. MRE =
mean residue ellipticity.
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nearly identical and consistent with a partially exposed tryptophan
at position 6 (Figure S4, Supporting Information).MDsimulations
show that the rmsd's of the D-variants were comparable or even
smaller than that of theWT (Figure 3B) and the average structures
are closely aligned with TC5b (Figure 3F). The increase in helical
content evidenced by CD agreed with the increase in helical
content at the N-terminus of the α-helix in all D-variants, as shown
in the average structures from the MD simulations (Figure 3F).
This structural change was not observed in the L-variants.
3.2. Contributions of D-Amino Acids to Stability. Thermo-

dynamic properties of the Trp-cage were determined by thermal
denaturation, following loss of ellipticity at 222 nm as a function
of increasing temperature. However, both G10DA and G10DQ
were partially folded at temperatures greater than 85 �C, making
it difficult to establish an unfolded-state baseline. To address this,
we measured thermal denaturation curves at a series of GnHCl
concentrations from 0 to 5 M, fitting the entire data set globally
to the Gibbs�Helmholtz equation to extrapolate estimates of
free energy of folding, enthalpy, heat capacity, and melting
temperature (TM) (Figure 4; Figure S5, Supporting Infor-
mation).53 On the basis of this analysis, the stability of TC5b was
consistent with previous measurements of this peptide by other
groups.54 All D-variants were more stable than the WT. On the
basis of the free energy of unfolding at 25 �C (Table 1), both
G10DA and G10DQ were stabilized by ∼0.9 kcal/mol with
respect to the WT, and G10DN by ∼0.6 kcal/mol. On the basis
ofTM, themost stable variant was G10DQ, with aΔTm of∼23 �C
relative to the WT, followed by G10DA and G10DN. DSC
experiments were carried out on the same variants, although
the thermograms could not be fit to obtain thermodynamic

Figure 3. (A, B) rmsd's (Å, with respect to the first structure) of the backbone heavy atoms as a function of the simulation time (ns) for the WT and L-
variants (A) and the WT and D-variants (B). The last 50 ns from each simulation were selected for data analysis (production run). (C, D) Average
fluctuations (rmsf 's, Å) of backbone heavy atoms as a function of the residue for the production run for the WT and L-variants (C) and the WT and D-
variants (D). The secondary structure elements are indicated (αR, right-handed α-helix; 3�10, right-handed 310 helical turn; pro, polyproline stretch).
(E, F) Superimposition of the average structures (front and side views) for theWT and L-variants (E) and theWT and D-variants (F). Key: WT (black),
G10A (orange), G10Q (cyan), G10DA (red), G10DN (green), and G10DQ (blue).

Figure 4. (A) Thermally induced unfolding of G10DQ Trp-cage at
different GnHCl concentrations (from dark blue to red: 0.0, 1.0, 2.0, 3.0,
4.0, and 5.0 M) monitored by far-UV CD at 222 nm. (B) The melts for
G10DQ (other variants in Figure S5, Supporting Information) were
globally fit to obtain the fraction unfolded as a function of temperature
(WT, black; G10DA, red; G10DN, green; G10DQ, blue). MRE = mean
residue ellipticity.

Table 1. Thermodynamic Parameters of Trp-Cage Variants
Obtained fromDSC and CDThermal Unfolding Experiments

DSC CD

TM (�C) TM (�C) ΔGU(25 �C) (kcal/mol)

WT 36 46 ( 3 0.8 ( 0.2

G10DA 68 66.6 ( 0.2 1.7 ( 0.1

G10DN 63 56 ( 5 1.4 ( 0.4

G10DQ 69 69.3 ( 0.5 1.7 ( 0.2
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parameters due to the broad, shallow transitions (Figure S6,
Supporting Information). In the absence of distinct folded and
unfolded baselines, TM values were calculated using first-deriva-
tive plots and confirm the same trend as the one found by CD
(Table 1). The difference between the two biophysical methods
is notable for the lower stability WT and G10DN species. This is
attributed to the broad unfolding transitions due to lowerΔH for
these two species (Table S1, Supporting Information), resulting
in a nonlinear dependence of the unfolded state heat capacity on
temperature.34,55

MD simulations also indicated a similar stability trend. As
opposed to the L-variants, all D-variants were less flexible than the
WT (Figure 3D). The greatest changes were observed for
residues 9�15 (which includes the 310 helical turn). A decrease
in backbone flexibility (rmsf 's) may indicate increased stability as
the reduced likelihood of random thermal motions away from the
most compact, folded conformation. On the basis of rmsf trends,
both G10DA and G10DQ are predicted to be more stable than
G10DN, and G10DN is predicted to be more stable than the WT,
as observed experimentally. Conversely, an increase of backbone
flexibility, such as the one observed for G10A and G10Q, may
increase the chances of random thermal motions away from the
folded state, unfolding the overall structure.
MD may be used to interrogate the structure and dynamics of

TC5b and variants for the molecular features of capping stability.
In theWTTrp-cage, Gly10 participates in a network of backbone
to backbone hydrogen bond capping interactions with both
the α-helix and the right-handed 310 helical turn (Table 2). These
interactions include the backbone amide of Gly10 with the
backbone carbonyls of Trp6, Leu7, and Lys8 in the α-helix,
and the backbone carbonyl of Gly10 with the backbone amides of
Ser13 and Ser14 in the 310 helical turn. Because of the nature of
the interactions and the proximity of the residues, more than one
interaction can be present at the same time. The dominant, or the
most frequent, interactions involved Leu7 and Ser13 (Table 2).
In all D-variants, the frequency of these dominant hydrogen
bonds increased, and the trend correlated with experimentally
observed stability (G10DQ > G10DA > G10DN > WT). In the
case of the Leu7 interaction, the increase ranges from ∼6% in
G10DN to∼24% in G10DQ. In the case of the Ser13 interaction,
the increase is more dramatic and ranges from ∼24% in G10DN
to∼35% in G10DQ.We could speculate that the presence of a D-
amino acid at position 10 drives the structure to a single state in
which these dominant hydrogen bonds are present. The sig-
nificant increase in the frequency of the hydrogen bond between
position 10 and Ser13 may contribute to the increased rigidity of
the entire helical turn in all D-variants.

3.3. Structure of TC5b G10DQ. Using protCAD, D-Gln was
modeled into the NMR structure of TC5b at position 10
(Figure 5). Over half of the 27 discrete rotamers sampled were
sterically allowed, of which 4 formed a network of hydrogen
bonds between D-Gln Nε and helix backbone carbonyls. One
rotamer shown in Figure 5 participated in hydrogen bonds with
carbonyls of Leu7 and Lys8, capping both C1 and C2 positions.
To solve the solution structure of the D-Gln variant, it was

necessary to characterize the sequence enantiomer, as 15N,13C-D-
Gln was not readily available. The resulting molecule had the
identical, but inverse, structure and stability as measured by CD
(Figure S1, Supporting Information). The NMR structure of this
variant showed the presence of similar capping interactions as
modeled by protCAD. Low-energy structures in the final en-
semble presented a D-Gln10 hydrogen bond with the backbone
carbonyl from Lys8 (Figure 6A). Structures in which the D-Gln
side chain faced away from the backbone were also consistent
with experimental restraints but had higher energy scores. The
HSQC spectrum of residue 10 in G10DQ (Figure 6B) presented
two well-defined peaks for each of the pairs Cβ�Hβ and
Cγ�Hγ, suggesting a unique environment for these atoms
and limited mobility of the side chain.
Cα chemical shifts for the WT, D-Ala, and D-Asn variants were

the same within experimental error, indicating that all peptides
studied had the same fold.

Table 2. Time Fraction (%) of Backbone to Backbone
Hydrogen Bond (HB) Capping Interactions Donated by the
Backbone Amide (N) of Residue 10 to Positions 6�8 and the
Backbone Carbonyl (O) of Residue 10 Accepted from Amides
of Residues 13 and 14a

WT G10DA G10DN G10DQ G10A G10Q

X10.N W6.O 36 24 30 24 0 99

L7.O 63 73 67 78 40 0

K8.O 9 7 7 4 42 0

X10.O S13.N 66 86 82 89 74 0

S14.N 12 6 18 3 25 0
aThe HB distance and angle cutoffs were 3.5 Å and 120�, respectively.

Figure 5. Lowest energy rotamer of D-Gln modeled onto the TC5b
structure using protCAD.29

Figure 6. (A)One low-energyNMR structure of G10DQ showing aGln
side chain to backbone capping interaction with Lys8. (B) HSQC
spectrum of DQ10 in G10DQ.
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3.4. Simulating Contributions of Side Chain Capping to
Stability. The solution structure of G10DQ and molecular
simulations support the model that D-Gln participates in side
chain capping interactions. On this basis, we predict that the
increase in stability in G10DQ relative to the WT is due to the
presence of these side chain to backbone hydrogen bonds. In
theory, D-Asn could participate in similar capping interactions,
since Asn and Gln side chains have the same functional group,
differing only by a methylene in the side chain, and modeling
indicates that D-Asn can be incorporated and present side
chain�backbone hydrogen bonds. If this is the case, why is
G10DQ more stable than G10DN?
In agreement with the NMR data, MD simulations of TC5b

G10DQ show that D-Gln can hydrogen bond with the backbone
carbonyl of Leu7, Lys8, and Asp9 (insets, Figure 7). However,

these interactions were not present in the average structure.
Cluster analysis of the conformation of the D-Gln side chain
identified 16 clusters. Two clusters accounting for ∼8.2% and
∼1.9% of the total population presented strong hydrogen
bonding to backbone carbonyls (the heavy atom distance and
angle in each cluster centroid structure were 3.1 Å and 144� to
Asp9 and 2.8 Å and 172� to Leu7). Clusters that represented
∼19.5% and ∼2.3% of the structures hydrogen bond weakly
(3.2 Å and 115� to Asp9 and 3.5 Å and 98� to Lys8).
As opposed to G10DQ, cluster analysis of the conformation of

the D-Asn10 side chain from structures obtained from the MD
simulation of G10DN identified 11 clusters, of which only 1
cluster that represented ∼1% of the structures hydrogen bonds
strongly (3.5 Å and 150� with Lys8).
The free energy surface along a given coordinate is known as a

PMF. Figure 7 shows the PMF for the distance between the side
chain of residue 10 and the backbone carbonyl of Leu7, Lys8, and
Asp9 for G10DN and G10DQ. These profiles show that, in
general, the global minimum does not correspond to the capping
interaction (distance <3.5 Å) and is between∼5 and∼7 Å. This
agrees with the lack of side chain capping interactions in the
average structures.
In the case of the PMF along the distance between D-Gln10

and Asp9, the capping interaction is very close in energy to the
global minimum (ΔE≈ 0.1 kcal/mol), with a barrier (Ea) of less
than 1 kcal/mol, and is present in∼15% of the simulation. In the
case of the distance between D-Gln10 and Lys8, the minima are
separated by ∼1 kcal/mol, with a barrier of ∼1.5 kcal/mol, and
the hydrogen bond is present in ∼4% of the simulation. These
low barriers allow rapid interconversion between the different
conformations. In the case of the distance between D-Gln10 and
Leu7, the minima are separated by ∼1.5 kcal/mol with an Ea of
forming the capping interaction greater than 2.5 kcal/mol, and
the interaction is present in only ∼2.2% of the simulation.
In comparison, the barriers of forming the capping interac-

tions in G10DN are significantly greater (Ea greater than 3.5 kcal/
mol). In this case, the PMF of only Lys8 shows a minimum that
corresponds to the capping interaction, with a ΔE ≈ 2.5 kcal/
mol, and this interaction is only present in ∼0.8% of the
simulation. On the other hand, the hydrogen bonds with Leu7
and Lys9 are present in 0.08 and 0.2% of the simulation,
respectively. Therefore, D-Asn forms only one of the three
possible capping interactions.
Overall, these results suggest that the side chain capping

interactions might be important for stability, since G10DQ is
more stable and can make this type of interaction as opposed to
G10DN.
3.5. Capping Interactions versus Entropic and Solvation

Costs. If the side chain capping interactions are important for
stability as suggested above, why then is G10DAmore stable than
G10DN? Even if G10DN does not certainly engage in capping
interactions as frequently as G10DQ, it does it more frequently
thanG10DA, which completely lacks this ability. Therefore, other
factors should contribute to the destabilization of G10DN with
respect to G10DA.
While providing a network of stabilizing hydrogen bonds,

helix-capping interactions must overcome unfavorable loss of
side chain entropy and desolvation of backbone carbonyls in the
C3�C1 and Ccap positions. The existence of a barrier is
explicitly evident in the PMF plots of side chain�backbone
hydrogen bonds. Position 10 in the Trp-cage is located at the end
of the helix and is surface exposed. Therefore, this residue will

Figure 7. Helmholtz free energy (A, kcal/mol, eq 3) as a function of the
distance between the residue 10 side chain (Nδ in G10DN, green; Nε in
G10DQ, blue) and the backbone carbonyl of Leu7, Lys8, and Asp9
obtained from the MD simulations. Representative snapshots from the
simulation of G10DQ in which the different capping hydrogen bond
interactions are formed are shown.
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potentially be able to “freely” move and also to interact with the
solvent. The backbone carbonyls of residues 7, 8, and 9 are also
solvent exposed. For these reasons, the penalty of forming a
capping interaction might include the entropic cost of fixing the
side chain of residue 10 in a particular conformation and the
desolvation of both the side chain and the backbone carbonyl of
the residue that it is interacting with. The potential barriers of
side chain entropy and solvation are treated separately.
Conformational restraints make capping interactions unfavor-

able in G10DN. Somewhat surprisingly, although the backbone
fluctuation of residue 10 is smaller in G10DQ (Figure 3D), the
side chain fluctuation (measured as the mass-weighted rmsd with
respect to the average structure) is greater than in G10DN
(Figure 8). Since D-Asn is in a relatively fixed conformation, it
is more difficult for this residue to engage in capping interactions.
On the other hand, the D-Gln10 side chain is more flexible, and
thus, it is more probable for this residue to adopt conformations
that would allow capping interactions.
To estimate the entropic cost (ΔS) of fixing the side chain in

the folded state, we estimated the change in conformational and
vibrational entropy between the unfolded and folded states. The
folded state is considered as the ensemble of structures from the
MD simulation of the corresponding variant, G10DN or G10DQ.
Based on previous work,56 the unfolded state was considered as
the ensemble of structures from the MD simulation of a Gly-X-
Gly peptide, where X = Asn or Gln. Although D-Asn is more rigid
in G10DN than D-Gln in G10DQ (Figure 8), theΔS upon folding
is similar in both cases (Table 3). As suggested previously,57 there
is essentially no change in the vibrational entropy upon folding,
and the entropic cost of folding is mainly due to a loss of available
conformations or rotamers. In any case, the entropic cost is small,
probably because both side chains are fully solvent exposed.

Similarly, we can assume that the side chain ΔS upon folding
equals zero for D-Ala in G10DA, since there are no side chain
rotamers for Ala.
In Table 4, we can see that the presence of a D-amino acid in

position 10 does not greatly reduce the backbone solvation of
Leu7, Lys8, or Asp9, since G10DA has only slightly lower
solvation than the WT. However, the presence of side chain to
backbone capping interactions reduces backbone solvation of
these three residues. For example, in all variants, including WT,
there is on average more than one water molecule near (<3 Å)
the carbonyl of Leu7 when there is no side chain capping
interaction. When this interaction is formed in G10DQ, less than
1 water molecule solvates the carbonyl of Leu7. Similarly, back-
bone desolvation penalties are also observed for Lys8 and Asp9 in
G10DQ, and for Lys8 in G10DN. In terms of the side chain of
residue 10, there is only a desolvation penalty for D-Gln10
interaction with Leu7 in G10DQ (data not shown). To note, in
G10DQ, the side chain capping interaction with Leu7 has the
highest energy barrier in the free energy profiles (Figure 7).
Therefore, a higher desolvation penalty of G10DQ when it
interacts with Leu7 might explain the higher energy cost of this
interaction.

4. CONCLUSIONS

The largest per-residue gains in Trp-cage stability have resulted
from D-amino acid substitutions at αL-glycines as compared to
other molecular strategies: computational optimization of core
interactions,58 stabilizing proline by stereospecific fluorination,
and adding helix favoring amino acids32 and amino-terminus
capping interactions.54 Andersen and colleagues substituted
D-Ala at position 10 in the TC10b variant, raising its TM from
56 to 72 �C.18 A similar magnitude of stabilization was found here
for the TC5b, suggesting D-amino acid substitutions can be
combined with other molecular strategies in an additive way,
leading to hyperstable peptides.

Table 3. Entropic Cost (ΔS) of Fixing the Side Chain of
D-Asn and D-Gln upon Folding of the Trp-Cage G10DN and
G10DQ Variantsa

conformational vibrational

D-Asn 0.29 0.01

D-Gln 0.32 �0.04
aThe conformational entropy is given by the side chain rotamers,
and the vibrational entropy is given by the quasi-harmonic entropy.
Values are expressed as TΔS, where T is 300 K, in kcal/mol. Reported
values are the mean over four calculations (Table S2, Supporting
Information).

Table 4. Backbone Carbonyl (BB.O) Solvation of Leu7, Lys8,
and Asp9 of the Different Trp-Cage Variants from the MD
Simulationsa

number of waters time fraction of HB (%)

L7 K8 D9 L7 K8 D9

WT 1.3 ( 0.5 2.2 ( 0.7 2.0 ( 0.8 116 178 153

G10DA 1.2 ( 0.4 2.0 ( 0.7 1.9 ( 0.7 107 170 149

G10DN 1.1 ( 0.4 1.9 ( 0.6 2.0 ( 0.8 103 162 156

(1.4 ( 0.6)

G10DQ 1.2 ( 0.5 1.9 ( 0.7 1.9 ( 0.7 103 156 134

(0.5 ( 0.6) (1.3 ( 0.6) (1.2 ( 0.6)
aThe results from the first three columns are expressed as the mean
number of waters (( standard deviation) within 3 Å of the correspond-
ing atoms.When a side chain to backbone hydrogen bond (HB) capping
interaction exists (G10DN with K8 and G10DQ with L7, K8, and D9),
the values reported correspond to the cases in which there is no capping
interaction, and in parentheses are the values when the interaction is
formed. The capping interaction was defined to be present and absent
when the distance between the residue 10 side chain (Nδ in G10DN and
Nε in G10DQ) and the BB.O of the HB acceptor was smaller than 3.5 Å
and greater than 4 Å, respectively. Time fraction (%) of HBs defined
between solvent and BB.O; cutoffs were 3.5 Å and 120�. Values greater
than 100 reflect multiple solvent donors.

Figure 8. Mass-weighted rmsd's (Å, with respect to the average structure)
of the side chain heavy atoms of residue 10 as a function of the production
run (ns): G10DN variant (green) and G10DQ variant (blue).



18758 dx.doi.org/10.1021/ja205609c |J. Am. Chem. Soc. 2011, 133, 18750–18759

Journal of the American Chemical Society ARTICLE

Given the success of the Trp-cage designs, it is important to
consider whether this approach can be generally applied. Placing
D-Ala to the C-terminus of a monomeric α-helix did not enhance
stability,20 suggesting that much of the stability gain comes from
reducing the flexibility of turns between secondary structure
elements. Stereochemical stabilization of loops/turns between
α-helices59 and β-strands12,60 is an established approach to
improving fold stability. Gly10 is a hinge between the α-helical
and polyproline segments of the Trp-cage fold. In all C0 L-Gln
sites identified in the mirror-image template search of the PDB,
the capping residue is located at the link between the αL turn and
another secondary structural element.25 Much of the enhanced
stability of D-amino acid substitutionsmay come from favoring an
intermediate in folding that brings elements together.

In addition to location within the fold, a few studies have
shown that the choice of D-amino acid influences the magnitude
of stabilization.17,20,61 A series of C-capping auxiliaries termi-
nated by an amino or guanidino group varied in their contribu-
tions to the stability of a monomeric α-helix depending on the
alkyl chain length.20 It was suggested that both helix�dipole
interactions and specific hydrogen bonds were responsible for
enhancing stability. This was confirmed in the case of a D-Arg
substitution, where a 0.4 kcal/mol increase in stability was
observed when electrostatic interactions were screened by 2 M
NaCl. Of the 10 L-Gln-capped αL-helices in the mirror-image
template PDB search, 6 participated in side chain to backbone
hydrogen bonds, and the remaining side chains were involved in
tertiary packing interactions. D-Gln may therefore be a generally
applicable C-capping moiety. It may find particular utility in
stabilizing monomeric helices where capping hydrogen bonds
provide additional stability—an assertion that will require
experimental validation.

One of the broader goals of this study was to develop protocols
for predicting the stability of D-amino acid substitutions by MD
and mirror-template bioinformatic methods. Overall, the experi-
mental thermal stabilities agree with the stability trend predicted
by the simulations:G10DQ>G10DA>G10DN>WT>G10A/Q.
We observed that the magnitude of backbone fluctuations of
amino acids surrounding the substitution correlates with stability:
the most stable variants are also the most rigid. A reduction in
backbone motion would result from a deeper energy minimum
corresponding to the folded, native state.

On the other hand, some portion of the stability conferred by
D-amino acid substitutions presumably results from promoting
the formation of nativelike transition-state intermediates during
folding, and destabilizing the unfolded state by reducing config-
urational entropy. To effectively model these phenomena, it will
be necessary to thoroughly sample partially folded and unfolded
states in the conformational ensemble. In G-X-G tripeptide
simulations, the αL conformation was significantly populated
when X = L-Asn, but unoccupied for L-Gln (Figure S7, Support-
ing Information), consistent with helix-propensity studies.62 The
folding pathway plays an important role in addition to the native-
state ensemble effects studied here.

Carrying out these simulations on larger peptides and small
proteins is becoming tractable with replica-exchange methods63

utilizing high-performance computing resources. Such intensive
simulations are currently impractical as a direct step in sequence-
space search algorithms utilized during computational protein
design. Instead, they provide a better molecular understanding
of the subtle contributions of solvation, side chain entropy,
electrostatics, and hydrogen bonding. This can be used to refine

design rules for incorporating stabilizing non-natural amino
acid substitutions.
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