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Abstract
We study computationally a family of B-hairpin peptides with systematically introduced chiral
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inversions, in explicit water, and we investigate the extent to which the backbone structure is
able to fold in the presence of heterochiral perturbations. In contrast to the recently investi-
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gated case of a helical peptide, we do not find a monotonic change in secondary structure con-
tent as a function of the number of L- to D-inversions. The effects of L- to D-inversions are
instead found to be highly position-specific. Additionally, in contrast to the helical peptide, some
inversions increase the stability of the folded peptide: in such cases, we compute an increase in
B-sheet content in the aqueous solution equilibrium ensemble. However, the tertiary structures
of the stable (folded) configurations for peptides for which inversions cause an increase in
B-sheet content show differences from one another, as well as from the native fold of the non-
chirally perturbed p-hairpin. Our results suggest that although some chiral perturbations can
increase folding stability, chirally perturbed proteins may still underperform functionally, given

the relationship between structure and function.
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computationally the effect of systematic backbone chiral perturba-

1 | INTRODUCTION

tions on the structure of an «-helical peptide and found that,

The asymmetric tetrahedral carbon atom of the backbones of all
proteinogenic amino acids except glycine allows these essential build-
ing blocks in principle to exist in two nonsuperimposable forms of the
same constitution, commonly referred to as L- and D-amino acids.

Although D-amino acids exist in nature,*°

ribosomally synthesized
proteins in all living organisms are exclusively composed of L-amino
acids. Homochirality is essential to the proper functioning of proteins:
molecular recognition and enzymatic specificity rely on it. Another
aspect that protein function relies upon is folding into a native struc-
ture. The possibility of structural changes introduced by chiral pertur-
bations has been inferred by reverse phase chromatography, circular
dichroism, and nuclear magnetic resonance experiments, and by
molecular dynamics and Monte Carlo simulations.’>"*> However, the
relationship between the extent and location of monomer-level chiral
perturbations and folding in aqueous solution has not been studied

systematically until recently. In a recent publication, we investigated

depending on its location along the backbone, even the smallest
degree of heterochirality can significantly affect the folding ability of
the peptide.?

In the present work, we aim to broaden the scope of our numeri-
cal investigation by studying a mini-protein composed of a p-pleated
sheet in an antiparallel arrangement, connected with a reverse turn.
The 16-residue long GB1 peptide, the C-terminal hairpin (residues

1617 is a representative

41-56) of streptococcal Protein G's B1 domain,
of a large family of peptides featuring the p-hairpin structural motif.
The folding mechanism of B-hairpins has been studied in the literature,
both experimentally and via simulations.?®*® Two key events have
been identified, namely formation of a stable turn and formation of
cross-strand hydrogen bonds and hydrophobic contacts. Earlier exper-
imental evidence interpreted by a statistical mechanical model sug-
gests a “zipper” mechanism of hairpin folding, where the native

backbone hydrogen bonds form sequentially starting from the turn,
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and progressing toward the termini.*®? It has been shown computa-
tionally that the GB1 hairpin can fold following the zipper mechanism,
but it can also fold following a “pincer” mechanism, in which hydrogen
bonds form sequentially from the termini to the turn.*® Regardless of
whether the hairpin folds following zipper or pincer mechanisms, the
correct formation of the turn has been shown to be the initial folding
step.*® Formation of a turn relies on the adoption of certain torsion
angles and local hydrogen bonds by the backbone. In addition to the
angle requirements for the central turn residues, i +1 and i+ 2,
where the first turn residue has the index i, the i + 3 position of GB1's
turn is required to adopt an a; configuration'® which is a rare event
for an L-amino acid, as positive ¢-angles are energetically unfavorable.
For glycine, an achiral amino acid, positive and negative backbone tor-
sion angles of the same magnitude are equally favorable, and it is
therefore one of the preferred mutations in such a position when the
goal is to increase the stability of the protein folds.*?=>! The glycine
mutation approach has been shown to work for the turn of GB1.34°?
The positive ¢ angles being more favorable for D-amino acids, they
have also, accordingly, been suggested as possible candidates for
mutations in such positions in order to increase the folding stabil-
ity.>354 One of the many chiral inversions that we investigate in this
work addresses specifically the effect of mutated chirality at the i + 3
turn position.

Being amenable to atomistic simulations, the GB1 hairpin allows
us to investigate systematically the effect of backbone chirality on a
foldable fragment of a real protein. In this work, we address the effect
of heterochiral perturbations on one of the most prevalent protein
structural motifs after o-helices (which we recently investigated?).
Studying 32 different GB1 peptides with varied backbone chiralities,
we find that, unlike a purely helical peptide, which shows a monotonic
change in the helical fraction with respect to the number of L- to D-
inversions, there is no analogous monotonic trend in the secondary
structure content of GB1. In addition, we find that chirally perturbed
peptides show a variety of different hairpin folds (when they are still
able to fold) some of which are more stable, possessing increased
B-sheet content, than the native fold of GB1. We clarify here that we
associate increases in specific secondary structure content with
increases in folding stability since a shift in the folding equilibrium
toward the folded state increases secondary structure content. From
the protein design perspective, our results confirm that certain chiral
inversions can make highly stable protein folds. However, we also see
concomitant changes in tertiary structure, suggesting that the

expected function may not be fully conserved.

2 | METHODS

2.1 | Inversion pattern design and peptide initial
configurations

The native-fold of GB1 is illustrated in Supporting Information
Figure S1. There are two main structural elements: p-strands stabilized
by backbone hydrogen bonds between two strands, and a reverse
turn. Accordingly, we consider chiral inversions in both the turn and

the B-sheets. We further classify the inversions in the p-sheet portion

of the peptide as cross-strand matching mutations (hydrogen-bonded
residue pairs in the native fold) and mismatching inversions, as shown
in Table 1. Since only 15 out of GB1 hairpin’s 16 residues are chiral
amino acids, the maximum number of L- to D-inversions is 15, and the
peptide with 15 L- to D-inversions is the inverso-peptide of the natu-
rally occurring GB1 domain.

Following a similar approach to that of our earlier work,® we
impose the chirality of asymmetric tetrahedral carbon atoms as an ini-
tial condition. Peptide initial conditions are generated by the
CHARMM program®® as extended (unfolded) configurations, using the
SwissParam®® database for the CHARMM internal coordinates table,
and are relaxed in gas-phase simulations for 500 steps. The monomer
of each peptide is solvated in a truncated octahedron box containing
2724 water molecules and 3 Na* ions, which are included in order to

neutralize the net charge of the peptide.

22 |

Peptides are modeled using the Amber03+ protein force field®” and

Model

water is modeled using the TIP3P model.>® This particular protein/
water model combination has been successfully used to infer the fold-
ing mechanisms and thermodynamic properties of hairpins, yielding
close agreement with experiments.#>2

The force field contains an asymmetric dihedral angle term.>” We
simply adjust this term for D-amino acids by inverting the sign of the
phase shift angle of the term and we generate the D-configuration
internal coordinates as an initial condition for mutated residues. We
simulate the systems using the GROMACS 2016.3°7° MD engine
and the PLUMED 2.3.1 plugin for metadynamics calculations.®?
GROMACS-compatible force field files are available upon request.

2.3 | Enhanced sampling

To ensure the equilibrium sampling of each peptide in aqueous solu-
tion, we use a combination of parallel tempering and well-tempered
metadynamics, specifically employing parallel sampling in the well-
tempered ensemble (PTWTE).$2-%* We perform PTWTE simulations
for at least 500 ns/replica for each peptide. Convergence is monitored
by the cumulative average of the p-sheet fraction for the 300 K rep-
lica for each peptide (Supporting Information Figures S2 and S3). The
initial 250 ns/replica is treated as equilibration and excluded from the
analysis for all peptides.

We run the PTWTE simulations using 14 replicas. The potential
energy is biased using a value of 400 kJ/mol for the Gaussian width and
1.2 kJ/mol for the initial Gaussian height. Gaussian potentials are added
every 2000 steps, with a bias factor of 15. Prior to starting the PTWTE
simulations, unbiased simulations are performed at each temperature
for 200 ps, in order to equilibrate the potential energy of the replicas.
The 14 replica temperatures are distributed geometrically, spanning a
range of from 300 to 475 K. For the given system size, this setting
yields an average replica exchange acceptance rate of 30%. All runs are
performed in the NPT ensemble. Results at 300 K are reported.

Systems are propagated using the leap-frog algorithm with a 2 fs
time step. The temperature of each replica is maintained using the

Nosé-Hoover thermostat®>%® with a 1 ps time constant. The pressure
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TABLE1 Primary structure of the peptides studied in this work [Colour table can be viewed at wileyonlinelibrary.com]

Category Name Sequence No. of D-inversions
Wild-type GB1 GEWTYDDATKTETVTE 0
GB1 t1 GEWTYDAATKTFTVTE 1
Turn positions inverted GB1 t2 GEWTYDDaTKTFTVTE 1
GB1 t3 GEWTYDDAtKTFTVTE 1
GB1 t4 GEWTYDDATKTFTVTE 1
GeWTYDDATKTFTVtE 2
1 pair GEWtYDDATKTFtVTE 2
GEWTYJDATKtFTVTE 2
9 pairs—block GB1 b21 | GewTYDDATKTFTvtE 4
GBI b22 | GEWt yDDATKTftVTE 4
Cross-strand 9 pairsalt . GB1 b23 | GeWt YDDATKTFtVtE 4
matching pairs palrs-alterhabile "epT 194 GEwTyDDATKTfTVTE 4
3 pairs-block GB1 b31 | Gewt YDDATKTFtvtE 6
3 pairs-block GB1 b32 | GEwtyDDATKTftvTE 6
3 pairs-alternating | GB1 b33 | GeWt YADATKtFtVtE 6
[-sheet 4 pairs-block GB1 b4 Gewt yDDATKTftvtE 8
positions 5 pairs-block GB1 b5 Gewt ydDATKtftvtE 10
inverted GB1 mll | GeWTYDDATKTFTVTE 1
GBIl ml2 | GEwWTYDDATKTFTVTE 1
GB1 ml3 | GEWtYDDATKTFTVTE 1
GB1 ml4 | GEWTyDDATKTFTVTE 1
one strand GB1 ml5 | GEWTYJDATKTFTVTE 1
GB1 m16 | GEWTYDDATKTEFTVTe 1
Mismatching GewTYDDATKTFTVTE 2
Gewt YDDATKTFTVTE 3
GewtyDDATKTFTVTE 4
Gewt ydDATKTFTVTE 5
GB1 m6 GeWTYDDATKTFEFTVte 3
cross-strand (VJHI m7 | GEwITyDDATKTfTvTe 5)
GB1 m&8 | GewtyDDATKTftvte 9
GB1l m9 | GewtydDATKtftvte 11
All inverted GB1d Gewtyddatktftvte 15

Residues in turn positions are in bold font. Lower-case characters represent the D-amino acids and upper-case letters denote the canonical L-amino acids.

Color coding of the peptide name follows the classification in Figure 1.

of each replica is maintained at 1 bar using an isotropic Parrinello-
Rahman barostat with a coupling constant of 2 ps. Electrostatic inter-
actions are calculated using the particle-mesh Ewald method®” with a
real space cutoff distance of 1 nm. A 1 nm cutoff distance is used for
the van der Waals interactions.

2.4 | Analysis

Secondary structure assignment for each configuration is performed
using the DSSP algorithm, which is based on hydrogen bonding pat-
terns.®® B-sheet assignment is performed in two steps. This calcula-
tion iterates over each conformer in the ensemble. For each
conformer, backbone hydrogen bonds are first analyzed to assign
B-bridges for each residue. If any two nonoverlapping blocks of three

residues (i—1, i, i+1 and j—1, j, j+ 1) form hydrogen bonds

between (i — 1,jandj, i+ 1) or (j — 1, iand i, j + 1), a parallel bridge
is assigned. If hydrogen bonds are formed between (i, j and j, i) or (i —
1,j+1andj—1,i+ 1), an antiparallel bridge is assigned for those
residues. In the second step, contiguity is checked. If there is a set of
two or more contiguous bridges of the same type (parallel or antipar-
allel), those residues are finally assigned to be in a p-sheet instanta-
neous configuration. For each conformer, the total number of
residues assigned to be in a pB-sheet configuration is counted and
normalized by the total number of residues, yielding the p-sheet frac-
tion. The average B-sheet fraction is then calculated as the ensemble
average of the above-defined instantaneous quantity. The native
structure of GB1, C-terminal p-hairpin extracted from the Protein
Data Bank ID: 1GB1¢ (Supporting Information Figure S1) has 12 out
of its 16 residues in B-sheet configuration, which sets the highest
expected B-sheet fraction to be 12/16, or 0.75.
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Based on the DSSP algorithm, turn structure is assigned based on
the hydrogen bonds between residues i, i + n where n can be 3, 4, or
5. In the next stage where contiguity of the turn is checked, if the min-
imum number of consecutive n-turns criterion is satisfied, turn assign-
ment is switched to a helix assignment which ensures that a turn is
not a helical residue. At least two consecutive n-turns are needed for
a helix assignment. Residues forming any n-turn and not satisfying
contiguity criterion are finally assigned to be in a turn configuration. In
this work, we only make B-sheet and turn assignments. Readers are
referred to the work by Kabsch and Sander for other assignments.®®

We now define the order parameters used to compute free
energy diagrams. The distance root-mean-square, drwms, is calculated

L2 1/2
using drms = [Ngblz(ij) (r,-,»—r‘(’))z] . The sum runs over the N, back-

bone native contact pairs (intramolecular) (i, j) which are separated by

distance r; in the configuration of interest and by r,‘l? in the native
state. Based on the native structure (Supporting Information
Figure S1), a contact between a backbone atom of residue a and a
backbone atom of residue b is defined to be native if |a — b | > 2 and
the distance between the two atoms is less than 4.5 A.*°

The fraction of native-like hydrogen bonds, Q, is calculated
using the backbone donor and acceptor pairs of GB1's native fold,
determined according to a distance criterion of 2.8 A. There are eight
backbone hydrogen bonds identified according to this distance crite-
rion in the reference native fold of GB1 hairpin. The distance between
each of these donor-acceptor pairs is calculated for each configuration
and a hydrogen bond is assigned to be present if the donor-acceptor
distance is smaller than 3.92 A. The number of hydrogen bonds is
then normalized by the number of hydrogen bonds in the native fold.
Clustering is performed based on structural similarity of the backbone
heavy, that is, non-hydrogen, atoms following the GROMOS algo-
rithm®® using a 0.15 nm root mean square deviation (RMSD) cutoff
distance. For each conformer in the ensemble, the number of other
conformers for which the RMSD is 0.15 nm or less is calculated. The

structure with the highest number of similar conformers forms the

most populated cluster, together with the other conformers within
the given cutoff distance. We report the most populated cluster with
the percentage of the population (number of conformers in this clus-

ter with respect to the total number of conformers).

3 | RESULTS AND DISCUSSION

In order to assess the structural changes introduced by L- to
D-inversions, we quantify the overall peptide p-sheet fraction, based on
the DSSP algorithm (see Section 2.4), as shown in Figure 1. In contrast
to the helical peptide that we studied recently,! the GB1 hairpin does
not show a monotonic change in the secondary structure content along
the perturbation coordinate of number of L- to D-inversions. While the
B-sheet fraction is the same for GB1 (0 L- to D-inversions) and GB1 d
(15 L- to D-inversions) within statistical error, as expected, other inver-
sions yield a variety of different B-sheet fractions, some of which are
higher than that of GB1 (or GB1 d). An analogous observation was not
present for the a-helical peptide that we studied recently, that is, the
highest helicity was obtained for poly-L-alanine (ag) or poly-D-alanine

peptide (ay),*

and opposite chirality inversions perturbed the helical
structure, following a monotonic trend as a function of number
inversions.

Three of the four inversions belonging to the turn category cause
a decrease in the p-sheet fraction of the peptide, namely, the GB1 t1,
t2, and t3 peptides have reduced B-sheet fractions, whereas the GB1
t4 peptide has an increased p-sheet fraction compared to native GB1
(red symbols in Figure 1). The GB1 hairpin forms a type | turn
according to the ¢, y Ramachandran angles occupied by the i + 1 and
i + 2 turn residues (4-residue turn, residues indexed from i to i + 3).”7°
In addition, the turn structure in the GB1 hairpin requires the i + 3
turn residue to sample the torsion angles corresponding to the o
region®® (Supporting Information Figure $1). Adoption of an &, config-
uration in this position has been found to be strictly correlated with

46,71

folding in atomistic simulations and has accordingly been

06 T T T T T T T T T T T T T T T T
05+ -1/ @ GBI
o @® GBIt GBIl mll
e 1@ GBlw2 GBI ml2
® GBI GB1 ml13
04+ —-H|© GBl# GB1 ml4
= i GBI1bll GBI ml15
8 L o} GBI bl2 GB1 ml6
= § e GB1bl13 GBIl m2
& 031 -| @ GBIb21 GBI m3
o @ GBI1b22 GBI m4
S -o@ 1| ® GBI1b23 GBI m5
= © GBIl b24 GB1 m6
E 02 —| ®@ GB1b31 GBIl m7
] @ GBIb32 GBI m8
L 8 @ 1| ® GB1b33 GBI m9
© GBIb4 ||O GBId
0.1 —| O GBI1bs
LR
0 | ' | ' | ' | ' | ' | ' | ' | '
0 2 4 6 8 10 12 14

Number of L- to D-inversions

FIGURE 1  Average fraction of f-sheet content as a function of number of L- to D-inversions. Errors are calculated from blocked SEs, using two

equal, nonoverlapping blocks of data (T = 300 K)
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suggested to be one of the key events in the GB1 hairpin’s folding.
Moreover, replacing the L-lysine residue in this position with glycine
has been found to increase the stability of the hairpin.>*2 This
increased stability has been explained as follows. Adoption of an a;
configuration is a rare event for an L-lysine residue, given the steric
constraints associated with an L-amino acid adopting torsional
angles characteristic of its D-enantiomer. For glycine, on the other
hand, the left (negative ¢ angles) and right (positive ¢ angles) sides
of Ramachandran map are equally favorable; therefore, adoption of
an g, configuration is energetically favorable for glycine compared
to L-lysine. The GB1 t4 peptide corresponds to a D-inversion at the
turn’s i + 3 position, that is, L-lysine is mutated to D-lysine. The
GB1 t4 peptide is expected to have a more stable hairpin fold as
positive ¢ angles are energetically more favorable to D-amino acids.
The higher B-sheet fraction of the GB1 t4 peptide is consistent with
this expectation. However, as we will discuss below, the GB1 t4
fold has certain differences compared to the native fold of the GB1
peptide.

As defined in Table 1, the inversions that we perform are not
limited to the turn group. Figure 1 follows a color code classification
consistent with Table 1, where red (turn), green (B-sheet, cross-stand
matching, 1 pair), blue (B-sheet, cross-strand matching, 2 pairs),
magenta (B-sheet, cross-strand matching, 3 or more pairs), cyan
(B-sheet, one strand, 1 inversion), orange (p-sheet, one strand, 2-5
inversions), and brown symbols (f-sheet, cross-strand mismatching,
3 or more inversions) denote chirally perturbed peptides and black
symbols (filled or empty) are homochiral peptides. We do not find
any clear patterns of structural change within any of these classes.
For example, within the red group (GB1 t1, t2, t3, and t4), GB1 t4
causes an increase in the p-sheet fraction, as discussed above,
whereas the others caused a decrease. Among the single p-sheet
inversions, represented by the cyan group (GB1 mi11, m12, m13,
m14, m15, and 16) no common effect emerges, either. One of them,
GB1 m13, shows an increased p-sheet fraction compared to GB1,
whereas the others cause a decrease in the p-sheet fraction. Similar
observations are also true for cross-strand pairwise L- to D-inver-
sions, denoted as GB1 bx peptides in Table 1. One of the single
cross-strand pair inverted peptides (the green group in Figure 1),
GB1 b12, shows an increased p-sheet fraction, while the others
show the opposite behavior. This nonsystematic behavior continues
as the number of inverted pairs is increased (GB1 b2x and GB1 b3x
peptides). Pairwise alternating (GB1 b23, b24, b33) and mismatching
alternating inversions (GB1 m7), however, always lead to a reduced
B-sheet fraction. Additionally, the group of peptides where the num-
ber of L- to D-inversions is increased progressively by inverting each
neighbor residue on one of the strands until the strand is completely
composed of D-amino acids (GB1 m11, m2, m3, m4, and m5 pep-
tides), shows no discernable progressive trend. The first two inver-
sions, m11 and m2, lead to a decrease in the f-sheet fraction,
whereas the next inversion (m3) causes an increase in the f-sheet
fraction. The successive inversions, m4 and m5, again give rise to a
decreasing f-sheet fraction trend.

Per-residue secondary structure propensities are particularly use-
ful to assess the local effect of L- to D-inversions. These quantities

represent the equilibrium ratio of the number of times in which a

residue is assigned to a -sheet or turn configuration to the total num-
ber of snapshots (observations). Figure 2 shows ensemble-averaged
per-residue p-sheet and turn fractions of the studied peptides. As
expected, the wild-type GB1 and GB1 d have identical equilibrium
per-residue structure propensities. p-sheet fraction reduction toward
the termini is expected, as termini are more prone to structural
fluctuations.

Comparison of per-residue secondary structure content within
the turn group inversions shows how the turn structure is affected by
L- to D-inversions. The GB1 t1, t2, and t3 peptides have significantly
reduced turn propensities compared to the native GB1. Their p-sheet
fractions in the B-sheet region are also decreased. The GB1 t4 pep-
tide, on the other hand, has a turn fraction very close to 1 in the turn
region and significantly higher B-sheet fraction as well.

A parallel change in the turn and p-sheet fractions, that is, both
increasing or decreasing, is expected as the overall stability of the
hairpin is influenced both by the formation of a stable turn structure
and by hydrogen bonding and hydrophobic core packing by p-sheet
residues. The majority of B-sheet inversions do in fact give rise to par-
allel changes in turn and p-sheet regions. Some of the inversions in
the p-sheet region, however, have a notably different influence on the
turn fraction. For example, the GB1 b5, m13, m5, m9, m15, and b33
peptides have turn structures that are shorter by 1 residue on the N-
terminus side of the turn (residue 7, aspartic acid: D), for which the
turn fraction is nearly zero. Although the turn is shorter by one resi-
due, two of these five peptides (GB1 b5 and m9) are more stable than
the native GB1, where stability is assessed by the total p-sheet frac-
tion (Figure 1). In both peptides, residue 7 is switched to B-sheet, in
other words, the p-sheet region on the N-terminus side is elongated
by 1 residue, indicating that these peptides have different folds than
native GB1. The common stereochemical feature among these six
peptides is that residue 6 is a D-aspartic acid. Indeed, these six pep-
tides comprise the full list of all peptides where residue 6 is a D-
aspartic acid. This is, therefore, a general effect that we identify in this
work, namely, that the turn is shortened when a stereochemical inver-
sion is applied at the residue right in front of the turn. This, however,
does not imply a correspondingly general effect on stability, as
explained above.

Although the changes in p-sheet and turn fractions are unambig-
uous measures of structural changes in the peptide, they exclusively
address the secondary structure content. Peptides can adopt a vari-
ety of different configurations with similar g-sheet/turn content. In
the rest of this section, we address this structural degeneracy.
Figure 3 shows a representative structure of the most populated
cluster of the peptides (see Section 2.4). The most populated clusters
of the native GB1 and GB1 d peptides share a similar population
(occurrence) percentage, their structures being mirror images of each
other. A variety of shapes and population percentages result upon
backbone stereochemical mutations. One of the most notable is GB1
t4 (Figure 3, top row, fifth from the left). This peptide has the turn
mutation at position 10 (K). As mentioned above, this position
imposes steric constraints that penalize the L-enantiomer. Accord-
ingly, this mutation results in increased stability. The representative
structure of its most populated cluster shows correctly registered

B-strands, as in native GB1, however, one of the strands is flipped
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FIGURE 2  Fraction of B-sheet (left) and turn (right) per residue. Errors are calculated from blocked SEs using two equal, nonoverlapping blocks of

data (T = 300 K) [Color figure can be viewed at wileyonlinelibrary.com]

compared to native GB1, as is evident from the relative orientation
of the aromatic side chains. In native GB1 (as well as in GB1 d), the
aromatic side chains (three total, one on one strand, two on the
other strand) are on the ‘“inside,” bounded by the p-strands
(Figure 3), as opposed to the most populated structure of GB1 t4 in
which one of the three aromatic side chains faces the “outside,” as
its strand is flipped. GB1 t4 is not the only peptide featuring such a
flip: similar structures are also highly populated for hairpins such as
GB1 m9 and b5. We analyze the backbone torsion angles (¢ and y)
of the peptides with p-sheet fraction similar to or higher than that of
GB1 and inverso GB1 (Supporting Information Figures S4-S9), which
includes GB1 t4, m9, and b5, in order to search for an explanation of
this flip. As a reference, we perform the same analysis for native
GB1 and GB1 d (Supporting Information Figures S10 and S11,
respectively). The Ramachandran map of the GB1 d peptide is
rotated by 180° with respect to that of native GB1 peptide, as
expected. However, the GB1 t4 peptide has its L-TYR-5 residue
adopting an ag configuration (—100° < —30°, — 70° < y < 0°) instead
—180° =< ¢,
w < — 120°, for D-amino acids: 120° < ¢, w < 180°). This ag con-
figuration introduces a twist to the backbone, causing the flip of the

of an extended configuration (for L-amino acids:

strand, as shown in Figure 3 for GB1 t4. A similar twist is also pre-
sent in the GB1 m9 and b5 peptides in the D-ASP-6 residue. In those

cases, the D-ASP-6 residue adopts an a; configuration (30° < ¢ <
100¢°,

There are other notable structures emerging from stereochemical

0° < y < 70°) instead of an extended configuration.

inversions. With approximately 80% fraction, GB1 b12 populates a
highly stable, correctly registered hairpin which is significantly bent
compared to native GB1. The shape variability of peptides arising
from the joint presence of both L- and D-amino acids has been dis-
cussed in the literature before, with the possibility of boat, canoe, or
bracelet-like structures addressed.!®> Among the single-pair cross-
strand inversion group, only one peptide (GB1 b12) yields a signifi-
cantly bent hairpin with high stability. Other members of single-pair
inversion group destabilize the hairpin. Moreover, other cross-strand
pair inversions of two consecutive or two alternating pairs (GB1 b2x
peptides) also destabilize the peptide. We do not observe other signif-
icantly bent, boat, canoe, or bracelet-like!® stable hairpin folds by any
other stereochemical inversion patterns investigated in this work.
While the design of specific peptide folds is beyond the scope of this
work, the broad range of L- to D-inversions that we consider here
indicates that stability is a crucial concern when applying L- to D-
inversions in a hairpin. Even if one can design different patterns of
L/D amino acids to achieve a specific shape, the folding equilibrium
may shift to destabilize the folded state, in which case a reasonable
stability of the desired shape may not be attained.
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FIGURE 3 Representative structures of the most populated clusters of the peptides. Reported below each structure is the percent occurrence of
the most populated cluster. Color coding of the structural elements (backbone) shown in cartoon representation is as follows: yellow: 3-sheet,
cyan: turn, blue: 3(10)-helix, purple: a-helix, and white: coil. Aromatic side-chains are also shown in licorice representation following the color
code of gray: tyrosine, green: phenylalanine, and orange: tryptophan [Color figure can be viewed at wileyonlinelibrary.com]

Structural similarity-based metrics, such as backbone drms or
fraction of native-like contacts, are commonly used order parameters
for thermodynamic analysis of p-hairpins.*>”? Here, we provide a
free energy analysis using two such order parameters, backbone
Qno
Section 2.4 for detailed description) as shown in Figure 4. GB1 hair-

drms and  fraction of native-like hydrogen bonds, (see
pin configurations with backbone drums less than 1.5 A with respect
to the reference structure and Qy,, greater than 0.8 are considered
folded.*® Folded structures similar to native GB1, therefore, popu-
late the top left region of the diagrams in Figure 4. As both backbone
drms and Qpp rely on internal distances, neither can differentiate the
mirror image structures. The same folded basins are, therefore, iden-
tified in native GB1 and in the GB1 d peptide. Among the other pep-
tides, GB1 b12, b23, b31, b4, m11, m15, m2, m4, and m8 have

similar folded basins too. Some of the other peptides, however, have

another folded basin, which is not one of the low free energy basins
seen in native GB1: instead, this basin has a low backbone dgys (less
than 5 A) and a Qnp, of around 0.5. GB1 t4, b5, and m9 peptides, all
of which have higher p-sheet fraction than native GB1, have this
basin in their free energy surfaces (Figure 4). Its low drnms indicates
that the structures that populate this basin have high backbone simi-
larity to the native fold of GB1 in terms of intramolecular distances,
but its lower Qy;, indicates that the structures do not form the same
backbone hydrogen bonds as in the native fold of GB1, suggesting
that the more stable peptides do not necessarily have the same fold.
In particular, the folded population of GB1 t4 lacks the termini
hydrogen bonds, whereas the GB1 b5 and m9 folded populations
lack the hydrogen bonds that the ASP-6 forms with the turn residues
in the native structure. We note that the GB1 b5 and m9 peptides
have D-ASP at that position. As we show in Figure 3, the turn
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FIGURE4 Free energy surface of GB1 peptides at 300 K as a function of backbone drpms and fraction of native hydrogen bonds (Q,) [Color

figure can be viewed at wileyonlinelibrary.com]

structure is shorter by 1 residue, compensated by the elongation of

the p-sheet on the N-terminus strand.

4 | CONCLUSIONS
B-hairpins, which are composed of two basic structural elements,
B-pleated sheets in an antiparallel arrangement connected with a
reverse turn, are ubiquitous protein structural motifs.”%”374 We simu-
late a number of GB1 hairpin peptides with a variety of stereochemi-
cal patterns, classifying the L- to D-inversions into two major groups,
according to the position of the inversion(s), as turn or p-sheet inver-
sions (Table 1), and we systematically investigate the effect of stereo-
chemical inversions on folding propensity and stability. While some of
the L- to D-inversions cause the p-hairpin structure to deteriorate,
whether they belong to the turn or the p-sheet group, the majority
preserve the secondary structure content of the peptide. In contrast
to the case of a helical peptide,* there is no monotonic change in the
structure content as a function of number of L- to D-inversions. The
effects of L- to D-inversions are instead position-specific for this hair-

pin peptide. Additionally, as opposed to the recently studied case of a

helical peptide,! some inversions yield an increase in the secondary
structure content of the peptide. One particularly important example
of this increase is the GB1 t4 peptide, which contains a single turn
mutation at position 10. Some of the several different turn types of
the B-hairpins, such as turn types I', I, and I, require positive ¢ angles
at certain turn positions in order to achieve the reversal of the peptide
chain direction. Therefore, D-amino acids can be incorporated at
these positions, so as to promote turn formation, especially in the
design of short peptides and foldamers.3*7>~77 Although GB1's type |
turn does not require a positive ¢ angle in the central turn residues, it
does require adoption of an a; configuration at the i + 3 position of
its 4-residue turn. The GB1 t4 peptide is L- to D-inverted at that loca-
tion, which promotes an «; configuration. Incorporation of D-amino
acids into such positions has been shown to yield an increase in the
stability of the peptide as quantified by circular dichroism experi-
ments.>>>* Analogously, here we quantify the p-sheet fraction and
find that GB1 t4 is also more stable according to this metric. How-
ever, the complete three-dimensional structure of the folded con-
former shows differences compared to the native structure of the
GB1 hairpin as seen qualitatively and quantitatively in Figures 3 and 4,

respectively. Therefore, (a) it may not be sufficient to measure only
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the secondary structure content in order to claim that the folded state
is stabilized. There may be a more stable structure identified, how-
ever, that structure may not necessarily be the same expected struc-
ture as that of the homochiral native peptide. (b) It is not trivial to
introduce a D-inversion even at a location where D-amino acids are
more favorable energetically, and concurrently increase stability, as
such a mutation may significantly alter the tertiary structure, for
example, by flipping a strand, as we observed here. Similar outcomes
are also true for the inversions in p-sheet regions, that is, some of the
resulting peptides have stable structures, but those structures are dif-
ferent than the native fold of GB1.
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