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Binding Repeat
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/Abstract: Choline-binding repeats (CBRs) are ubiquitous se-
quences with a B-hairpin core that are found in the surface
proteins of several microorganisms such as S. pneumoniae
(pneumococcus). Previous studies on a 14-mer CBR se-
quence derived from the pneumoccal LytA autolysin
(LytA,3555, peptide) have demonstrated a switch behaviour
for this peptide, so that it acquires a stable, native-like f3-
hairpin conformation in aqueous solution but is reversibly
transformed into an amphipathic a-helix in the presence of
detergent micelles. With the aim of understanding the fac-
tors responsible for this unusual p-hairpin to a-helix transi-
tion, and to specifically assess the role of peptide hydropho-

bicity and helical amphipathicity in the process, we designed
a series of LytA,;q_,5, variants affecting these two parameters
and studied their interaction with dodecylphosphocholine
(DPC) micelles by solution NMR, circular dichroism and fluo-
rescence spectroscopies. Our results indicate that stabilising
cross-strand interactions become essential for B-hairpin sta-
bility in the absence of optimal turn sequences. Moreover,
both amphipathicity and hydrophobicity display comparable
importance for helix stabilisation of CBR-derived peptides in
micelles, indicating that these sequences represent a novel
class of micelle/membrane-interacting peptides.

/

Introduction

The fact that identical amino acid sequences, named “chame-
leon” sequences,™ can display distinct secondary structures in
different contexts has been an intriguing finding since Kabsch
and Sanders™” found that some pentapeptide sequences adopt
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helical or extended conformations when located in different
proteins. As more protein structures have been determined,
longer chameleon sequences of 10-11 residues have been
identified.">” The explanation is that such sequences lack an
unambiguous intrinsic tendency to form a particular secondary
structure, and therefore can adapt themselves to a particular
environment.

Choline-binding repeats (CBRs) are widespread motifs of ap-
proximately 20 amino acids that usually consist of a -hairpin
of 14 amino acids followed by a linker of 6-7 residues.” They
are employed in a number of surface proteins for the recogni-
tion of choline in the cell wall of various microorganisms such
as Streptococcus pneumoniae (pneumococcus), and play an es-
sential role in bacterial viability and virulence. The CBRs
belong, in turn, to the extensive CW binding 1 motif family
that can be found in many different species (PFAM code
PF01473, http://pfam.xfam.org/family/PF01473).

In this context, we have recently described the folding of a
14-mer peptide (LytA,sq_,5), corresponding to the hairpin core
of a CBR from the pneumococcal LytA autolysin.” This peptide
forms a very stable, native-like B-hairpin in aqueous solution
and is transformed into an a-helix in the presence of detergent
micelles and in small unilamellar phospholipid vesicles
(Figure 1). In contrast to the absence of any secondary struc-
tural tendency shown by most chameleon sequences, predic-
tions for the LytA,;y 55, sequence show a bias for 3-hairpin for-
mation.”! Moreover, the observed peptide conformation de-
pends on the solvent conditions, and not on the protein con-
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Figure 1. Ribbon representations of A) the -hairpin and B) the a-helix
formed by peptide LytA,;,_,s, in aqueous solution and in the presence of mi-
celles, respectively.”’ Aromatic (F, Y, W) and aliphatic (I, A) residues are in
green, polar residues (T, N) in cyan, Lys in blue, and Asp in red.

text. Therefore, LytA,;4 55, can be described as a conformational
switch.”! It should be noted that the structural transition ob-
served in LytA,;, ,s, is reversible and occurs between two well-
folded structures, instead of the more commonly observed
change between a disordered state and a folded form, or the
transition from a folded state to an aggregate.*

The mechanisms of amphipathic peptide interaction with
lipid membranes have been the subject of intense investiga-
tion for a long time, and in this sense the so-called Eisenberg
plot is a common bioinformatics tool that allows transmem-
brane, surface-seeking and globular (i.e., non lipid-interacting)
a-helices to be predicted on the basis of mean hydrophobicity
and hydrophobic moment theoretical calculations.”

In this context, we aimed to get insights into the sequence
determinants for the micelle-induced structural switch shown
by LytA,s4 55, and to increase our understanding of the contri-
butions of amphipathicity and hydrophobicity to a-helix for-
mation and stability in micelles. To that end, we designed a
series of LytA,ys s, variants with clearly different values of
these two parameters. We examined their conformational be-
haviour in aqueous solution and in the presence of dodecyl-
phosphocholine (DPC) micelles, using NMR, circular dichroism
(CD), and fluorescence spectroscopies. Our results show that
both the hydrophobic moment (amphipathicity) and the hy-
drophobicity of predicted helices contribute to drive the inter-
action of these peptides with micelles, but in a different fash-
ion than that predicted by Fisenberg analysis,”“® suggesting
that CBR-type sequences may constitute a new class of lipid-
or micelle-interacting peptides.
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Results

Peptide variants design

The different side chain spatial distributions displayed by
LytA,3005, as a P-hairpin and an a-helix can be clearly appreci-
ated in Figure 1. The various degrees of amphipathicity shown
by the variants described in this work can be visualised in the
schematic B-hairpin and a-helical wheel representations in
Figure 2. This Figure is useful to follow the design criteria. Al-
though the sequence of the wild-type peptide corresponds to

Figure 2. -Hairpin schemes and a-helical wheel representations for the
structures formed by peptide LytA,s4 55, in aqueous solution and in the pres-
ence of detergent micelles, respectively,” and putative for the designed
LytA,39_55, Variants. In the B-hairpin schemes, hydrogen bonds are indicated
by vertical lines, residues at non-hydrogen bond sites are underlined, and
turn residues are marked in bold. Side-chains for residues at non-hydrogen-
bonded sites point towards the same [-sheet face (face 1), and those at hy-
drogen-bonded sites towards the opposite face (face 2). Aromatic (F, Y, W)
and aliphatic (I, V, A) residues are in green, Lys residues in blue, Asp residues
in red, and polar (S, T, N) and Gly residues in black. T1 and N14 were not in-
cluded in the helical wheels because they do not belong to the helix in

LytA2397252'
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net charge at pH 3.0; D, lipid-binding discrimination factor.®'”

Table 1. Theoretical characteristics of the wild-type peptide LytA,s, 55, and the designed variants:¥ (8) and (a) are averaged B-sheet and a-helical propen-
sities; (H) mean hydrophobicity values;™® (u,)" "=t and (1,)¥°** mean hydrophobic moments obtained at Heliquest and Emboss servers, respectively; z,

Peptide () (@) () () () z D

LytA%%-252 1.46 0.98 0.446 0.515 0.420 +3 1.47
K3W5-LytA?*252 1.46 0.98 0.446 0318 0.273 +3 1.29
W5K10-LytA?-22 1.46 0.98 0.446 0.239 0.220 +3 1.21
ISY6T11T13-LytA?*-22 151 0.92 0.426 0.289 0.185 +2 0.93
S3510-LytA23-22 1.25 0.96 0.119 0.230 0.294 +3 1.21
13V10-LytA23-252 151 0.99 0.340 0415 0.475 +3 1.38

[a] Values obtained as described at the Experimental section.

segment 239-252 of LytA, residues are numbered from 1 to 14
hereafter for clarity. All residue changes are intended to main-
tain as much as possible the intrinsic $-sheet and a-helical pro-
pensities of the sequence (see () and (a) in Table 1).

In the first place, to assess the role of a-helix amphipathicity
as a driving force for the B-hairpin-to-a-helix switch, we de-
signed some LytA,;,_,s, Variants with decreased amphipathicity
of the corresponding helix, whilst maintaining as much as pos-
sible the mean hydrophobicity of the sequence and the non-
amphipathic character of the native B-hairpin. With this aim,
we exchanged the position of the charged Lys5 residue with
either Trp3 (peptide K3W5-LytA,;,,5,) or Trp10 (peptide
W5K10-LytA,;s_,5,). These exchanges were expected to disrupt
the a-helix amphipathicity by introducing a positively charged
side chain in the hydrophobic face (Figure 2, Table 1). Consid-
ering that the side chains of residues Trp3, Lys5 and Trp10 are
on the same face of the f-sheet (Figure 1 and Figure 2), pro-
pensity to -hairpin formation would be expected to be hardly
affected (Table 1). In another approach, we tested a peptide se-
quence with four changes (peptide I5Y6T11T13-LytA 54 55,) that
also presents a similar mean hydrophobicity and a diminished
o-helix amphipathicity, but with an increase in B-hairpin am-
phipathicity (Figure 2). In this case, the Trp-containing [-sheet
face should become more hydrophobic by changing the
charged Lys residue at position5 to a hydrophobic, f-
branched residue (lle). Moreover, the other (3-sheet face should
become more hydrophilic by replacing the aromatic residues
Tyr11 and Phe13 for the more polar Thr residues, and lle6 for a
Tyr. Thr residues at positions 11 and 13 were selected because
of their high B-sheet propensities.”” Finally, the two Trp resi-
dues (3 and 10) were substituted, leading to peptides S3510-
and I13V10-LytA,34_5s,. Peptide S3510-LytA,;4 55, introduces two
polar side chains into the hydrophobic a-helix face (Figure 2),
thereby decreasing both a-helix amphipathicity and mean hy-
drophobicity. In this case, -hairpin formation might be affect-
ed because the [-sheet propensity is lower for Ser than for
Trp;® in fact, it shows the lowest () amongst all the designed
variants (Table 1). In the I3V10-LytA,;, .5, peptide, the two Trp
residues were replaced by hydrophobic lle and Val, so that the
peptide should maintain much of the helical amphipathicity
and hydrophobicity. $-Hairpin formation in aqueous solution
should also be maintained because it is known that (-
branched amino acids tens to be good B-sheet-formers.” Final-
ly, the 13V10- and S3510-LytA,s,_,5, peptides are also useful to
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find out whether the Trp residues per se are essential for mi-
celle-triggered a-helix formation.

Conformational study in aqueous solution

To check the structure of the designed peptide variants in
aqueous solution, we analysed a series of 2D NMR spectra ac-
quired for each peptide in H,0/D,0 9:1 v/v and in D,0 at
pH 3.0 and 25°C (the experimental conditions used for the
wild-type peptide). The 'H and *C NMR chemical shifts were
fully assigned for all the peptide variants by the standard strat-
egy (see Experimental Section and Supporting Information, Ta-
bles S1-S5). Once the chemical shifts were assigned, the plots
of the conformational shifts for H, protons (46,,=
6Haobserved_6HaRC’ ppm), for Ca (Aéa)z: 6cuobserved_6caRC' ppm) and
for Cy carbons (A0¢5=0¢"""*"-3¢5", ppm) as a function of
sequence provide a very simple way to delineate secondary
structures in proteins and peptides. The method is based on
the existence of a well-established empirical relationship be-
tween the dihedral ¢ and 3 angles and the 'H,, ">C, and “Cg
chemical shifts."" The profiles characteristic of B-hairpins dis-
play two stretches of positive 49, and 4d; values for the -
strands, separated by a short stretch of negative values at the
turn region, and two stretches of negative 49, values divided
by a short region of positive values.'™? The conformational
shifts shown by the variants K3W5- and W5K10-LytA ;4 55, con-
form to these patterns (see the Supporting Information, Fig-
ure S1), although the 46,, values for some residues deviate
from the expected ones, which is not uncommon in aromatic-
containing peptides. In particular, negative 49,, values have
been reported previously for residues facing a Trp in 3-hairpin
peptides,™™ as occurs for K10 in front of W5 in
W5K10-LytA,;9.5,, and Y12 facing W3 in both W5K10-LytA,;9 55,
and in the wild-type peptide (Figure 2 and Figure S1). On the
whole, the profiles of conformational shifts indicate that they
form f-hairpin structures in aqueous solution, similar to the
wild-type peptide LytA,s 55, The negative 40,, values for 16
and K9 in the variant K3W5-LytA 4,5, might suggest that this
variant has some geometrical differences at the turn region rel-
ative to the wild-type peptide. Further and stronger evidence
about B-hairpin formation in the two peptides comes from the
sets of nonsequential NOEs. In [-hairpins, the nonsequential
NOEs involving side chain protons can be classified into two
subsets, one for each face of the B-hairpin. In LytA,s 55, One
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Figure 3. A) Backbone structure of the LytA,s, ,s5, B-hairpin. Non-hydrogen-bonded sites are coloured in green, hydrogen-bonded sites in magenta, and turn
residues in grey. The H, protons are displayed as small white spheres, and those pointing inwards are connected by a red line. The side chain Cg carbons are
shown as large spheres coloured according to their location at non-hydrogen-bonded sites (green), hydrogen-bonded sites (magenta) and turn residues (dark
grey). Labels indicate the residue number, and also the type of residue if maintained in all the designed variants. Side-chains for residues at hydrogen-
bonded sites (magenta) point upwards (face 1), and those at non-hydrogen-bonded sites (green) downwards (face 2). B-D) Selected NOESY spectral regions
of K3W5-LytA,39_55, and W5K10-LytA,;5 55, in D,O at pH 3.0 and 25°C (150 ms, 600 MHz). Panel B shows the H,-H, NOEs observed for W5K10-LytA,, ,s,. Panels
C and D show nonsequential NOEs involving side chain protons of K3W5-LytA,;y_s, and W5K10-LytA,s, 55, respectively. Those from hydrogen-bonded residues
(face 1) are labelled in magenta, and those from non-hydrogen-bonded residues (the Trp-containing face; face 2) are in green. Intra-residual NOE cross-peaks
are boxed in cyan. They correspond to NOEs between aromatic protons and Hgg protons.

face comprises side chains from residues 1, 3, 5, 10, 12 and 14  involving protons from side chains within the same face in
(all those at non-hydrogen-bonded sites; face 2 at Figure 2 and  peptides K3W5- and W5K10-LytA,;,_,5, evidences B-hairpin for-
Figure 3A), and the other side chains from residues 4, 6, 9, 11 mation (Figure 3 and Table S6). In addition, NOEs between the
and 13 (all those at hydrogen-bonded sites; face 1 at Figure 2 H, protons of the residue pairs 3, 12 and 5, 10, which are the
and Figure 3A). Thus, the presence of a large number of NOEs  most distinctive nonsequential NOEs involving backbone pro-
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Table 2. Averaged 46 values in aqueous solution and in the presence of DPC micelles (30 mm DPC), and structure populations estimated from 4d,
values measured at pH 3.0 and 25 °C. In aqueous solution, averaged A9d,, and 4d; are the mean of all positive values, and averaged 40, the mean of all
negative values. In DPC micelles, averaged 40y, is the mean of all negative values, and 4d, of all positive values. Since identification of helices by A0
values is not consistent,""” they are not included. In all the cases, N- and C-terminal residues, as well as Gly2 are excluded.

Peptide Aqueous solution DPC micelles

Ady, Ad¢, Ao % Ady, Ad¢, %

[ppm] [ppml [ppm] B-hairpin® [ppm]® [ppm] a-helix®®!
LytAZ9-22 0.43 —0.52 2.12 100 —0.26 (—0.28) 15 67 (71)
K3W5-LytAZ9-22 0.31 —0.53 1.88 79 —0.23 (—0.25) 14 60 (64)
W5K10-LytAZ9-22 0.28 ~0.39 135 70 —0.22 (—0.24) 16 57 (62)
I5Y6T11T13-LytAZ*22 0.06 —0.14 0.67 16 —0.16 (—0.18) 12 43 (45)
$3510-LytAZ%22 <0.01 —0.09 0.26 0 —0.08 (—0.11) 0.5 21 (28)
13V10-LytAZ-252 0.07% —0.13 0.52 0 —0.21 (—0.28) 2.0 58 (71)

[a]l Assuming an experimental error of £0.01 ppm in the measurement of 'H §-values, the error in the estimated populations are +3%. [b] Values at
80 mm DPC are given in parentheses. [c] This value corresponds only to residues 3-5.

tons in B-hairpins, are found in peptide W5K10-LytA,;9_5s, (Fig-
ure 3B). These NOEs could not be observed in peptide K3W5-
LytA,;95, because the H, protons of the facing residues have
almost identical, overlapping 'H chemical shifts in the two
pairs.

The profiles of the wild type and these variants differ mainly
in the magnitudes of the conformational shifts (Figure S1),
which points to differences in f-hairpin populations.
Based on the magnitude of the A6y, 40, and Adg
values averaged for the strand residues (3-6 and 9-13; see
Table 2), estimated (-hairpin populations followed the order
LytA, s 550 > K3W5-LytA,59 55, > W5K10-LytA 54 5s,. Indeed, the (-
hairpin percentages estimated from the A9, averaged for the

[B-strand residues are 79% for peptide K3W5-LytA,s, .5, and
70% for W5K10-LytA,s5_55,, Which should be compared to ca.
100% for the wild-type peptide (Table 2). In brief, peptides
K3W5- and W5K10-LytA,;5_ 55, in aqueous solution form 3-hair-
pin structures, but to a slightly less degree than the parent
peptide LytAysq 5s).

To visualise the features of the highly populated B-hairpins
formed by these two peptides, we calculated their structures
on the basis of upper limit distance restraints obtained from
these sets of observed NOEs plus dihedral angle restraints de-
rived from chemical shifts (see Experimental section and the
Supporting Information, Table S7). Figure 4 displays the result-
ing structures, which are well defined (Table S7).

Figure 4. 3-Hairpin structures calculated for the variants K3W5- (A), W5K10- (B) and I5Y6T11T13-LytA,z, 55, (C) in aqueous solution. (Top) Ensemble of the 20
lowest target function conformers overlaid onto the backbone atoms (black). (Bottom) A representative conformer in which the backbone is shown as a
ribbon and side chains in neon. K side chains are coloured in blue, D in red, T in magenta, and all the others in green.

Chem. Eur. J. 2018, 24, 1-16

These are not the final page numbers! 22

www.chemeurj.org

5

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

Peptide 15Y6T11T13-LytA,59 55, also shows Ad,, Adc, and
A0 profiles similar to those of the wild type, but magnitudes
are small (Figure S1). This indicates that the peptide forms a f3-
hairpin structure, but with a lower propensity than the wild-
type peptide, contrary to theoretical predictions (Table 1). In
fact, the pB-hairpin population estimated from the 409,, values
averaged for the f-strand residues is only around 16%
(Table 2). B-Hairpin formation is confirmed by the nonsequen-
tial NOEs observed in the NOESY spectrum of this peptide (Fig-
ure S2), which are compatible with the (-hairpin structure.
Given the small number of these NOEs (Table S6), which is also
in accordance with a low populated p-hairpin structure in
aqueous solution, the structure calculated for peptide
I5Y6T11T13-LytA 34,5, is poorly defined, but it shows a p-hair-
pin-like shape (Figure 4C).

The S3510- and 13V10-LytA,;, 55, Variants exhibit quite similar
conformational behaviour in aqueous solution. Both peptides
show very low magnitudes of the conformational shifts (Fig-
ure S1), which lie mostly within the range typical of disordered
peptides; that is, |40,,| <0.05 ppm, |46,| <0.2 ppm, and
| 46¢5| <0.2 ppm, indicating that these peptides are mainly
random coil. The only conformational shifts that are clearly
outside the random coil range are those observed for the C,
and C; of residue Asp8 in the two peptides, which is sugges-
tive of a certain turn tendency around this residue (Figure S1).
The absence of nonsequential NOEs in peptide
S3S10-LytA,54_ 55, (Figure S3A), and the presence of only a few
very weak nonsequential NOEs in peptide 13V10-LytA 34,5, (Fig-
ure S3B) are in agreement with the two peptides being mainly
random coil, but they might maintain certain [3-turn formation
around Asp8. Furthermore, the few nonsequential NOEs ob-
served for peptide 13V10-LytA,; .5, (Figure S3B) suggest that
some very low population of the target (-hairpin is present
within the random coil ensemble.

Lack of significant B-hairpin formation in the Trp-free pep-
tides suggests an essential role for these aromatic residues in
the stability of this structure, probably by cross-strand side-
chain pair interactions. In the Trp-containing peptides, some
such interactions can be qualitatively identified on the basis of
1) side-chain-to-side-chain NOEs, which indicate the closeness
of the corresponding side-chains (Table S6) and 2) anisotropy
effects from aromatic rings™ (Table S8), and also seen in the
structures calculated for the well-populated (-hairpins formed
by K3W5- and W5K10-LytA,;45s, (Figure 4, A, B). In the case of
I5Y6T11T13-LytA,30.550, Side chain examination is meaningless
because of the poor structure quality of the low-populated {3-
hairpin (Figure 4C and Table 2). Thus, a face-to-edge interac-
tion between Trp3 and Tyr12 in the wild-type peptide
LytA,35_55, (Figure TA) is shown by the numerous NOEs involv-
ing side-chain protons of Trp3 and Tyr12 (Table S6) and by the
upfield chemical shifts observed for the side-chain protons of
Tyr12, which are characteristic of edge Tyr rings in an edge-to-
face interaction with another aromatic ring (Table $8).'* In this
peptide, a cation-m interaction between Lys5 and Trp10 is de-
duced from the NOEs between their side-chain protons, and
by the 'H chemical shifts of the Lys5 side chain being upfield-
shifted due to the anisotropy effects from the Trp10 indole
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ring (Table S8). By analogous criteria, a face-to-edge Trp3/Tyr12
interaction and a cation-mt Trp5/Lys10 pair are identified in the
W5K10-LytA,55 55, variant (see NOEs in Table S6, 'H chemical
shifts of Tyr12 and Lys10 in Table S8, and Figure 4B); a cation-
7t Lys3/Tyr12 interaction and an edge-to-face Trp5/Trp10 pair,
in which the Trp5 indole ring occupies the edge position, in
the case of the K3W5-LytA,;,5, variant (see Figure 4A, and
Lys3 and Trp5 in Table S8); and a face-to-edge Trp3/Tyr12 pair
and a hydrophobic lle5/Trp10 interaction in the I5Y6T11T13-
LytA,;925, Variant (see Tyr12 and lle5 in Table S8). The fact that
the magnitudes of these chemical shift deviations are smaller
in these three variants than in the parent peptide agrees with
their B-hairpins being less populated in the variants than in
the parent (Table 2). Indeed, the I5Y6T11T13-LytA 3455, variant,
which has the lowest B-hairpin population amongst the Trp-
containing variants, displays the smallest in magnitude 'H-
chemical shift deviations of side chains (Table 2 and Table S8).
The far-UV CD spectra of these peptides in aqueous solution
(Figure 5) are in concordance with the NMR results. Thus, the
Trp-containing variants show the prominent, positive contribu-
tion around 230 nm seen in the wild-type peptide, which is ob-
served upon acquisition of native-like B-hairpin conformation
in CBRs.™ In the case of K3WS5-LytA,;, »s, this band is apprecia-
bly enhanced, probably due to the new edge-to-face interac-
tion between the indole groups of Trp5 and Trp10 (Figure 2
and Figure 4A). The low intensity of this band in peptide
I5Y6T11T13-LytA,s4 55, is in agreement with the decreased -
hairpin population as deduced from the NMR data (Table 2).
On the other hand, both S3510- and I13V10-LytA,5, 5, show
almost featureless spectra, with a single minimum around
195 nm (Figure 5), typical of random-coil structures and in con-

Figure 5. Far-UV CD spectra of LytA,s, 55, peptide variants in 20 mm HCI-Gly
buffer, pH 3.0 in the absence (solid line) and in the presence of 30 mm DPC
(dashed line) at 30°C.
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cordance with the loss of structure as assessed by NMR spec-
troscopic analysis (Table 2).

Conformational study in the presence of DPC

The far-UV CD spectra registered in the presence of 30 mm
DPC (above CMC, 1.2 mm™) show, in all cases except for
S3S10-LytA,3s 555, Clear signs of a-helical structure, with positive
bands at ca. 197 nm and negative bands at 208 and 222 nm.['®
Therefore, it is confirmed that these peptides show switch be-
haviours similar to that found for the wild-type peptide
LytA,35.55,"" and for the full-length C-LytA module.””

Even at detergent concentrations above the CMC, a low
population of detergent monomers exists in equilibrium with
the micelles. To establish whether the conformational change
observed by CD is due to the presence of DPC micelles, as in
the case of the parent peptide LytA,;s,s,™ or due to DPC
monomers, we acquired NMR spectra of the peptide variants
at concentrations below and above CMC of DPC (0.6 mm and
30 mm DPC, respectively; the CMC of DPC in our experimental
conditions is 1.2 mm™). The NMR spectra recorded at 0.6 mm
DPC are essentially identical to those recorded in aqueous so-
lution in the complete absence of DPC, but many NMR signals
are seen to be shifted strongly at 30 mm DPC in all peptides
except S3S10-LytA,;y .5, (Figure S4). This result confirms that
DPC micelles, but not DPC monomers, induce the conforma-
tional transition. The fact that NMR cross-peaks of S3S10-
LytA,3955, in the presence of DPC micelles move slightly or not
at all is consistent with the absence of conformational transi-
tions as deduced from the CD data.

We then proceeded to characterise the peptide structures
by NMR spectroscopy in 30 mm DPC. As in aqueous solution,
once the 'H and "*C chemical shifts were fully assigned by fol-
lowing standard strategies (see Experimental section and the
Supporting Information, Tables S1-S5), we analysed the confor-
mational shifts (46, and 49.,) and the set of NOEs. In agree-
ment with CD data, peptides K3W5-, W5K10-, 13V10- and
I5Y6T11T12-LytA,54 55, in DPC micelles displayed negative A0y,
values for residues 3-13 and positive A4d., values for resi-
dues 2-13 (Figure S5), which supports the conclusion that the
four peptides form a helix spanning residues 3-13. The 49,
values are not a reliable parameter to identify helices™ be-
cause they can be almost zero in many cases."” Further evi-
dence concerning helix formation comes from the sets of
NOEs, which include strong sequential NN(i, i+ 1) NOEs, and
medium-range NOEs af(i, i+3), aN(i, i+3), aN(i, i+2), aN(,
i+4), and NN(i, i42) (Figure S6), all of them representative of
helices. Based on the averaged 46, for residues 3-13, the esti-
mated o-helix populations for these peptides in 30 mm DPC
ranged from 43% to 60% at 25°C, which is slightly lower than
in the parent peptide (Table 2). The structures formed by these
peptides in the presence of DPC, which were calculated on the
basis of NOE-derived distance and chemical-shift-derived angle
restraints (see Experimental section and the Supporting Infor-
mation, Table S7), were well-defined, continuous a-helices in
peptides K3W5-, W5K10-, and 13V10-LytA,;4,s5, (Figure 6), but
only the N-terminal segment (residues 3-9) was helical in
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I5Y6T11T12-LytA,3055,. This is consistent with the fact that the
magnitude of the 49, and 4d, in this variant is larger at the
N-terminal region (residues 3-9) than at the C-terminal half
(Figure S5). The o-helix in this variant may only transiently
extend up to residue 13.

In the case of the peptide S3510-LytA,;, 55, in line with the
CD results (Figure 5), the profiles of 4d,, and 4d., values ob-
served in DPC micelles change very little relative to those in
aqueous solution (Figure S5). Although their magnitudes in-
crease somewhat, most of the A49d,, and 4., values remain
within the range typical of random coil peptides, except for
those of residues 9-12. Furthermore, the only two detected
nonsequential NOEs involved residue Lys9; that is, aN(i, i+3)
between Lys9 and Tyr12, and that between the H, of lle6 and
H,, of Lys9, and the observed sequential NN(i, i+ 1) are 6-7,
9-10, 11-12, and 13-14. Together, these data suggest that pep-
tide S3S10-LytA,;5,5, in the presence of DPC micelles is a
mainly random coil peptide with a low populated short o-
helix, which in the calculated structure spans residues 9-12
(Figure 6, Experimental section, and the Supporting Informa-
tion, Table S7).

Given that DPC micelles are formed by 44-61 monomers,!"”
under the experimental conditions employed (0.5-1.0 mMm pep-
tide concentration and 30 mm DPC), the peptide/micelle ratios
are in the range 1:1 to 2:1. Although we did not observe any
NOEs indicative of peptide/peptide interactions, to discard the
possibility that peptide oligomerisation could contribute to a-
helix stability, we recorded a series of NMR spectra at 1 mm
peptide concentration and 80 mm DPC. Under these condi-
tions, the peptide/micelle ratio is 2:3, so that average peptide
occupancy per micelle is less than 1. NMR spectra for the
parent peptide and the Trp-containing variants were essentially
identical at both DPC concentrations, although some cross-
peaks were slightly shifted in the Trp-lacking variants (Fig-
ure S7). The profiles of H, conformational shifts were also quite
similar, but their magnitudes increase, particularly in the case
of the Trp-lacking variants (Figure S8). The a-helix populations
estimated from the averaged A49,, for residues 3-13 were
slightly higher at 80 mm DPC than at 30 mm DPC in the Trp-
containing peptides (ca. 2-5%; almost within the experimental
error; Table 2), and they were clearly higher in the I3V10-
LytA,s955, Variant (71% versus 58%; Table 2). The population
was also higher at 80 mm DPC in the S3510-LytA,;4 55, Vvariant,
although only residues 9-12 showed 44,,, values outside the
random coil range, as occurs at 30 mm DPC. On the whole,
these data point to a 1:1 peptide/micelle stoichiometry, and do
not support contributions of peptide/peptide interactions to
a-helix stability.

Peptide/DPC micelle interactions

To characterise the interaction between peptide helices and
micelles, we looked for intermolecular NOE cross-peaks in the
2D NOESY spectra of the peptide variants in DPC micelles. As
reported for the wild-type peptide,” we could not detect any
intermolecular NOE, even though the intramolecular DPC sig-
nals were observed (with a DPC deuteration of 98 %, the aver-
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Figure 6. a-Helical structures calculated for the variants A) K3W5-, B) W5K10-, C) I5Y6T11T13-, D) I3V10-, and E) S3S10-LytA,;,_,s, in DPC micelles. (Top of Panels
A-D and left of Panel E) Ensemble of the 20 lowest target function conformers overlaid onto the backbone atoms (black). (Bottom of Panels A-D and right of
Panel E) A representative conformer in which the backbone is shown as a ribbon and side chains in neon. K side chains are coloured in blue, D in red, T in

magenta, and all the others in green.

age concentration of non-deuterated DPC in a 30 mm deuter-
ated DPC sample was 0.6 mm). Most likely, this is a conse-
quence of the dynamic properties of the system; that is, the
detergent micelle/monomer equilibrium and the free peptide/
micelle-bound peptide equilibrium. However, considering that
intermolecular NOEs were observed in other peptide/micelle
systems using combinations of non-deuterated/deuterated de-
tergent,"® we acquired 2D NOESY spectra of the wild type and
its variants in a mixture of 15 mm [D;g]-DPC and 15 mm non-
deuterated DPC (150 ms, 600 MHz). Under these conditions, in-
termolecular NOEs between peptide and micelles were ob-
served for the wild-type peptide and its variants (Figure 7 and
Figure S9-10), including the mainly disordered peptide
S3510-LytA,35_55,- The most intense and numerous NOE signals
were observed between the nuclei of the central region of the
DPC aliphatic tail and the aromatic side chains of the peptides.
This observation indicates that the aromatic hydrophobic side
chains physically interact with the micelle core. In addition,
some NOEs between aromatic residues with the choline
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methyl groups and with atoms from the polar head were ob-
served. This could be explained by the dynamics of the interac-
tion process, because the peptides are probably continuously
moving from the solvent to the micelle and vice versa, estab-
lishing transient interactions with the DPC polar heads, which
are solvent-exposed.

In the case of the Trp-containing peptides (K3W5-, W5K10-
and I5Y6T11T13-LytA,;s ,5; Figure 2), we also examined the in-
trinsic fluorescence spectra in aqueous solution and in the
presence of 30 mm DPC (Figure 8). The three variants in aque-
ous solution show a redshift of their maxima compared with
the parent peptide, which is compatible with a higher accessi-
bility of the indole rings to the solvent, at least partly attribut-
ed to the appreciably decreased population of folded structure
seen by NMR (Table 2). A blueshift concomitant with an in-
crease in fluorescence intensity was observed upon the
addition of DPC both for the parent and variant peptides, indi-
cating Trp burial in the hydrophobic interior of micelles
(Figure 8).

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

Full Paper

Figure 7. 'H,'"H-NOESY (150 ms, 600 MHz) spectral regions of A) LytA,s,_,s, and B) K3W5-LytA,39_,s, in 15 mm [D;]DPC and 15 mm non-deuterated DPC (red)
overlap onto the same regions in 30 mm [D3g]DPC (black). Spectra were recorded at 25°C and pH 3.0. DPC and aromatic protons are indicated with arrows in
the left vertical axis and in the top horizontal axis, respectively. The structure of a DPC molecule is shown on top (heavy atoms are numbered).

Thus, intermolecular peptide/DPC NOEs and Trp-fluores-
cence indicate that the a-helices formed by the Trp-containing
variants (K3W5-, W5K10- and I5Y6T11T13-LytA,35_55,; Figure 6)
are, at least partially, immersed in the DPC micelle, with the
indole rings pointing towards the micelle hydrophobic core, as
has been described for the parent peptide.” The fact that the
Trp residues are arranged differently in these peptides relative
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to the wild type probably translates into different immersion
modes. In the tryptophan-free 13V10-LytA,;y 55, Variant
(Figure 6), the intermolecular NOEs also indicate that the
a-helix is, at least transiently, immersed in the DPC micelle.
We could speculate that the hydrophobic lle and Val side
chains would also look towards the micelle core, but we
lack experimental data about them. In the case of S3510-
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Figure 8. Intrinsic fluorescence emission spectra of the peptides: wild-type
LytA 3025, (0,@), K3W5-LytA,59 55, (A,4), W5K10-LytA,sq 5, (0,m) and
I15Y6T11T13-LytA,30 55, (©,#) at 25°C in 20 mm HCI-Gly buffer (open symbols)
or with addition of 30 mm DPC (closed symbols). The inset lists the 4, in
the absence and in the presence of DPC.

LytA,39_55, Which remains mainly disordered in the presence of
DPC micelles, the intermolecular NOEs suggest that the C-ter-
minal region of the peptide, in which a low-populated a-helix
is detected (see above), interacts transiently with the micelle
core.

Theoretical analysis of peptides

From the spectroscopic data discussed above (NMR, CD and
fluorescence), it can be deduced that peptides derived from

Full Paper

CBRs are amenable to variations in their sequence whilst keep-
ing, to a variable extent, their ability to interact with DPC mi-
celles. Moreover, the existence of a stable $3-hairpin conforma-
tion is not a prerequisite for a productive insertion in the mi-
celles, because the 13V10-LytA,;y 55, variant, which is unfolded
in solution, acquires an a-helical structure in the presence of
DPC micelles to almost the same extent as the wild-type se-
quence (Table 2).

First, we examined whether the peptides with higher helix
populations were those with higher intrinsic a-helical propen-
sities. However, the plot of helix content (Table 2) versus (a)
(Table 1) shows no correlation (see the Supporting Information,
Figure S11).

Next, to investigate the roles of hydrophobicity and amphi-
pathicity as driving forces for peptide insertion in DPC micelles,
we examined the so-called “lipid-binding discrimination factor”
(D) of the peptides (Table 1).®! This parameter, which is calcu-
lated from the hydrophobic moment ({u)) and the net charge
of the sequences (see the Experimental section), is indicative
of lipid-binding regions when it acquires a value above 0.68."
However, although all peptides clearly comply with this pre-
requisite (Table 1), our results indicate that the disordered
S3510-LytA,34_,5, only displays a minimal interaction with DPC,
as deduced from the observed peptide/DPC intermolecular
NOEs (Figure S10).

On the other hand, we represented the values of mean hy-
drophobic moment ({u,)) and mean hydrophobicity ((H)) of
the peptides, estimated using the Heliquest server, in an Eisen-
berg plot,”** as modified by Keller (Figure 9A).”? According to
this graph, values in or above the line (uy)=0.654-0.324(H)
usually correspond to “surface-seeking” a-helical segments.

Figure 9. A) Eisenberg plot of the wild type peptide and its variants; B, C and D) graph representation of the NMR-calculated amount of a-helix in DPC mi-
celles as a function of (), (H), and the product (u,) x (H), respectively. Panel D also shows a linear regression only intended for visual clarity.
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However, with the exception of wild-type LytA,;4_5s,, the rest of
the variants fall clearly below that boundary; that is, in the
“globular region”.

If we consider the NMR-estimated extent of a-helix induced
by DPC as a measure of peptide-micelle interaction, there is
no satisfactory correlation of the helix population with neither
(uy) nor (H) values alone (Figure 9B-C). This absence of corre-
lation occurs independently of the procedure used to obtain
the (u,) values (Heliquest, and Emboss hmoment; Table 1).
However, plotting the helix populations versus the product
{uy) % (H) exhibits a certain linear dependence (#=0.75; Fig-
ure 9D). This product is not intended to represent any physical
feature, but rather to suggest that both hydrophobic moment
and hydrophobicity have comparable importance in the pep-
tide-micelle interaction, and that a decreased value of one
quantity may be compensated by an increase of the other to
achieve an effective interaction with DPC micelles. We also ex-
amined whether the incorporation of a-helical propensities,
which show no correlation by themselves (see above), or that
of B-sheet propensities might improve the correlation. Howev-
er, the correlation remains unaffected. These data suggest that
the peptides derived from CBRs constitute a new type of mi-
celle/lipid interacting motif that is not predicted on theoretical
grounds such as by Eisenberg analysis.”

Discussion

Determinants of -hairpin stabilities in peptides derived
from CBRs

LytA,355, and its variants showed a large variability in their
tendency to form native-like -hairpin structures, even though
the variants were carefully designed on theoretical grounds to
affect P-hairpin formation as little as possible. This peptide
system is probably very sensitive to changes along the strands,
because the sequence at the [-turn (lle'Ala’"'Asp' Lys' ™;
Figure 2) is not optimal for B-hairpin stability,"? and the turn is
known to play an essential role in B-hairpin formation.”” This
intrinsic instability may contribute to the ability of the peptide
to switch between conformations when confronted with
changes in the environment. In this context of marginal stabili-
ty, cross-strand interactions may play an essential role in main-
taining the hairpin architecture.2%<#21

In the case of the K3W5- and W5K10-LytA,,,_,s, variants, for
which the positions of two residues were exchanged on the
same face of the (-hairpin (Figure 2), the theoretical B-sheet
propensities and overall hydrophobicity do not change at all
with respect to the parent peptide (Table 1), and hence only
the differences in cross-strand interactions can account for the
observed differences in 3-hairpin populations (Table 2). In the
parent peptide,” there are two stabilising cross-strand side
chain interactions; namely, a face-to-edge interaction between
Trp3 and Tyr12, and a cation-i interaction between Lys5 and
Trp10 (Figure 1A and Figure 2). These two cross-strand pair in-
teractions are also present in the W5K10-LytA,34 55, variant, but
the directionality of the Lys/Trp interaction is reversed
(Figure 2 and Figure 4B). This altered directionality must there-
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fore be responsible for the observed differences in B-hairpin
populations (Table 2), with the Lys5/Trp10 pair being more sta-
bilising than the Trp5/Lys10 pair. The existence of directionality
effects of this type has been observed previously for cross-
strand pair interactions in other peptide systems.”? The K3W5-
LytA,5005, Variant does not maintain any of the two interac-
tions (Trp3/Tyr12 and Lys5/Trp10) present in the parent pep-
tide, but are replaced by a cation-m interaction between Lys3
and Tyr12 and an edge-to-face interaction between the Trp
residues at positions 5 and 10 (Figure 2 and Figure 4 A). Given
that Trp is generally considered a better m-donor than Tyr,['*
the Lys/Tyr interaction likely implies a reduction in terms of
stabilising energy relative to the Lys/Trp present in the parent
peptide. This may overcome the otherwise stabilising edge-to-
face Trp/Trp interaction present in this variant, which has been
analysed in other systems "2

The S3S510- and 13V10-LytA,3,,5, Vvariants are mainly disor-
dered in aqueous solution (Table 2). In these variants, substitu-
tion of the two Trp leads to slight differences in 3-sheet theo-
retical propensities (Table 1). In the S3S10-LytA,;, 55, Vvariant,
the lower [-sheet propensity of Ser (0.86) in comparison with
Trp (1.90) and, above all, the loss of cross-strand interactions
involving tryptophans (the new Ser/Tyr and Ser/Lys pair inter-
actions are unfavourable®), undoubtedly contribute to B-hair-
pin destabilisation in aqueous solution. This also explains the
complete loss of (-hairpin formation in the case of the 13V10-
LytA,;955, variant, which is somewhat unexpected given that
the high B-sheet propensities for lle and Val (2.02 and 2.31, re-
spectively) are even higher than for Trp (1.90).”) Nevertheless,
although the cross-strand 1le3/Tyr12 hydrophobic interaction is
favourable, the one involving Lys5/Val10 cannot substitute the
highly stabilising cation-m interaction between Lys5 and Trp10
in the native hairpin (Figure 2).

The multiple sequence differences between 15Y6T11T13-
LytA,355, variant and the parent peptide (Figure 2) do not
allow a simple explanation for the remarkable loss of 3-hairpin
stability in terms of particular contributing cross-strand interac-
tions. On the one hand, the overall B-sheet propensity is even
higher than for the parent peptide (Table 1).”) Moreover, there
are two favourable cross-strand interactions in this variant, the
face-to-edge Trp3/Tyr12 interaction, preserved from the parent
peptide, and the hydrophobic cross-strand 1le5/Trp10 interac-
tion. However, the latter may not be able to compensate for
the stability provided by the cation-it Lys5/Trp10 pair observed
in the parent peptide, which is also missing in the unfolded
S$3510- and I13V10-LytA,;, .5, Variants (see above). Interactions
at the non-Trp containing face (face 2), which are completely
different in the I5Y6T11T13-LytA,;45, Variant and in the parent
peptide (Figure 2), might also account for the differences in -
hairpin stability (Table 2).

On the whole, these results reinforce the idea that details of
the cross-strand interactions, particularly with the participation
of Trp residues,"* %92 are essential to B-hairpin formation in
CBRs, as a consequence of the sub-optimal 3-turn sequences.
In fact, residues Trp3, Lys5, Trp10 and Tyr12 are extremely con-
served in these positions (>30%) in the approximately 90
CBRs already described for S. pneumoniae,”®’ pointing to an es-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

sential dual role for these amino acids both as native hairpin
stabilisers and as participants in choline binding.”

Determinants of a-helix formation in micelles

All designed variants either maintain or decrease to a variable
extent both the hydrophobicity of the peptides and the am-
phipathicity of the putative a-helix to be inserted in DPC mi-
celles (Table 1); hence, an increase of helix propensity was not
necessarily expected. Nevertheless, all variants except S3510-
LytA,3005, still acquire a significant extent of a-helical confor-
mation in the presence of DPC micelles (Table 2), comparable
to the wild-type form, demonstrating that incorporation of
some polar side chains in the hydrophobic face of the helix
(leading to a decreased hydrophobic moment) does not pre-
vent insertion into a micelle.

The LytA,;, .5, sequence contains two Trp residues that are
both located at the hydrophobic face of the detergent-induced
a-helix and oriented towards the micelle core (Figure 1) Trp
residues have been described to be important for peptide/
membrane and protein/membrane interactions.”® However,
the Trp-free 13V10-LytA,;555, variant interacts with the micelles
almost as effectively as the wild-type sequence does (Table 2,
Figure 5), suggesting that the specific contribution of Trp resi-
dues to helix stability is small in this system. On the other
hand, the introduction of two polar Ser residues in positions 3
and 10 in the S3510-LytA,;s ,5, peptide clearly abolishes helix
formation, as expected for a dramatic decrease in both hydro-
phobicity and helix amphipathicity (Figure 2 and Table 1,
Table 2).

In the search for theoretical determinants that control the
insertion of CBR-derived peptides into micelles, we analysed
several general parameters of the peptides, such as mean hy-
drophobicity and mean hydrophobic moment, and applied the
usual analysis for lipid/micelles interacting sequences. The
lipid-binding discrimination factor, D, predicts that all these
peptides should interact with micelles to a significant extent,
even though S3S10-LytA,; 55, acquires an almost negligible a-
helical conformation (Table 2, Figure 5). On the other hand, the
commonly used Eisenberg plot suggests that all sequences
(except the wild type) belong to the “globular” type with no
predicted association to lipids/micelles (Figure 9 A). Finally, nei-
ther hydrophobic moment (u,) nor mean hydrophobicity (H)
alone display a straightforward correlation with the amount of
DPC-induced a-helix (Figure 9B, C). Nevertheless, we have ob-
served a linear relation between a-helix content and the prod-
uct of both parameters (Figure 9D), suggesting that both fac-
tors (amphipathicity and hydrophobicity) contribute together
to the micelle insertion propensities of CBR-derived peptides.
The underlying physical phenomenon behind this result de-
serves further investigation. In any case, it seems evident that
peptides derived from CBRs not only constitute a unique ex-
ample of micelle-induced B-hairpin to a-helix transitions,” but
also represent a novel kind of micelle/lipid-interacting peptide
that cannot be predicted as such with the usual procedures. A
detailed characterization of these mechanisms will help to
better understand biological mechanisms like translocation
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across membranes by signal peptide-independent, CBR-con-
taining pneumococcal proteins such as the wild type LytA au-
tolysin. Furthermore, these studies will also pave the way to-
wards rational design of peptides, the structure of which can
be modulated or changed in a controlled way by using mi-
celle-forming agents as conformational-switch triggers, as well
as the design of new types of lipid-inserting peptides with an-
timicrobial properties.

Conclusion

The B-hairpin core of pneumococcal CBRs owes much of its
stability to cross-chain interactions involving the aromatic side
chains. This dependence probably arises from the fact that the
B-turn sequence is sub-optimal for a 2:2 B-hairpin. On the
other hand, the interaction of these CBR-derived peptides with
detergent micelles is less sensitive to changes in sequence.
The capacity of these peptides to interact with micelles
through a conformational 3 —a switch cannot be predicted by
using the usual bioinformatic procedures such as lipid-binding
discrimination factor or Eisenberg plots. Remarkably, the extent
of micelle insertion is directly proportional to both the mean
hydrophobic moment and the mean hydrophobicity. All these
results point to CBRs as representative sequences displaying a
novel mechanism for peptide-lipid interactions.

Experimental Section
Materials

Dodecylphosphocholine (DPC) was purchased from Avanti Polar
Lipids. The deuterated compounds [D3]DPC (98%), and D,O
(99.9%) were from Cambridge Isotope Lab (USA).

Peptide synthesis

Peptides, with free amino and carboxylate ends, were synthesised
using Fmoc (fluorenyl-9-methyloxycarbonyl) solid-phase protocols
and purified by reverse-phase HPLC up to 95% or more purity by
Caslo Aps (Lyngby, Denmark). Peptide characterisation data are
provided as Supporting Information.

Theoretical analysis of peptide characteristics

For all the peptide variants, the averaged f-sheet propensity (3)
was obtained from Equation (1):

B =535 M)

in which S, is the B-sheet propensity for residue k at the p-strand
(residues 2-6 and 9-13) as reported by Fujiwara etal.,”’ and n is
the number of residues at the strands (10, in this case; Figure 2).

The averaged a-helical propensity (a) was calculated from Equa-
tion (2):

@ =53 b)
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in which o, is the a-helical propensity for residue k (residues 2-13)
taken from Fujiwara etal.” and n is the number of helical resi-
dues (12, in this case).”’

The mean hydrophobicity (H) was calculated by using the Heli-
quest utilities (http://heliquest.ipmc.cnrs.fr)*” as Equation (3):

(3)

in which N is the total number of residues and H, is the hydropho-
bicity of residue k using the Fauchere and Pliska scale."”
The mean hydrophobic moments (u,) were calculated according
to Eisenberg (1982)," using the Heliquest utilities (http://heliques-
tipmc.cnrs.fr)®? and the hmoment tool at the EMBOSS server
(http://www.bioinformatics.nl/emboss-explorer) [Eq. (4)].

(Un) = uy/N 4)
in which u, is calculated by [Eq. (5)].
N 2 N 2\ /2
= ([Z Hesin(ko)| + Zchos(ké)} ) (5)
k=1 k=1

in which 0 denotes the angle between two residues in an a-helix
(100°) and H, is the hydrophobicity of residue k. Heliquest uses the
Fauchere and Pliska scale™ and EMBOSS the consensus Eisenberg
scale.”>?

The lipid-binding discrimination factor D was calculated as de-
scribed by Keller [Eq. (6)]:7<®
D = 0.944(H) + 0.33z (5)
in which z is the net charge of the peptide at the experimental
pH 3.0 (Table 1) and (H) is the mean hydrophobicity using the Fau-
chere scale mentioned above."”

The Eisenberg plot was conformed as primarily described by Eisen-

berg™ and subsequently modified by Keller.’® Surface-seeking
peptides are predicted to occur in or above the line [Eq. (7)]:

(1) = 0.654 — 0.324(H) (6)

Peptides below this boundary but with (H)>0.75 are considered
as transmembrane peptides. The rest are considered as globular
(non-lipid-interacting).

NMR study

To prepare the NMR samples the lyophilised peptide was dissolved
in 0.5 mL of solvent (Table 3). Peptide concentrations were 0.5-
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1.0 mm, unless otherwise indicated. Sodium 2,2-dimethyl-2-silapen-
tane-5-sulfonate (DSS) was added as internal reference for 'H
chemical shifts. Minimal amounts of NaOD or DCl were used to
adjust pH, which was measured with a glass micro-electrode and
not corrected for isotopic effects. Once adjusted to pH 3.0, the
samples were placed in 5 mm NMR tubes. Approximate peptide/
detergent ratios are indicated in each case. The peptide/detergent
ratio was around 5:3 in the samples at sub-CMC detergent concen-
trations.

A Bruker Avance-600 spectrometer operating at a proton frequen-
cy of 600.1 MHz and equipped with a cryoprobe was used for NMR
spectra acquisition. Cryoprobe temperature was calibrated using a
methanol sample. 1D 'H NMR and 2D phase-sensitive two-dimen-
sional correlated spectroscopy (COSY), total correlated spectrosco-
py (TOCSY), nuclear Overhauser enhancement spectroscopy
(NOESY), and C natural abundance 'H-">C heteronuclear single
quantum coherence (HSQC) spectra were recorded by standard
techniques at 25°C, as previously reported.” TOCSY and NOESY
mixing times were 60 ms and 150 ms, respectively. Some NOESY
spectra were also acquired at a short mixing time (80 ms) to check
the absence of spin diffusion in the presence of DPC micelles. Data
were processed using the standard TOPSPIN program (Bruker Bio-
spin, Karlsruhe, Germany), as described.” C d-values were indi-
rectly referenced against the IUPAC-IUB recommended 'H/™C
chemical shift ratio (0.25144953).%"

Assignment of 'H NMR signals was performed by analyses of the
2D NMR spectra using the SPARKY software (T. D. Goddard and D.
G. Kneller, SPARKY 3, University of California, San Francisco) and fol-
lowing the standard sequential assignment strategy.®” The *C res-
onances were straightforwardly identified from the cross-peaks be-
tween the protons and the bound carbons observed in the 'H,*C-
HSQC spectra. Tables S1-S5 list the 'H and "*C chemical shifts.

Structure populations were estimated from the 'H, chemical shifts
by following previously reported procedures,**" which assumes a
two-state folded/unfolded transition, with the folded state being a
[B-hairpin in aqueous solution and an a-helix in the presence of
DPC micelles. B-Hairpin percentages were obtained from the aver-
age of the positive Ad,, values at the strand residues divided by
+0.40 ppm,"'™ which is the mean 46, at protein B-strands, and
multiplied by 100. The a-helix populations were obtained by multi-
plying by 100 the result obtained by dividing the average of the
negative A9, values of the helical residues by —0.39 ppm,™®
which is the mean 46, at protein a-helices. Assuming an experi-
mental error of +0.01 ppm in the measurement of 'H -values, the
errors in the estimated populations are + 3 %.

Structure calculation

Structure calculation was done by applying the standard iterative
procedure for automatic NOE assignment of the CYANA 2.1 pro-

Table 3. Solution conditions used for NMR peptide samples.

Conditions

Detailed solvent compositions

Aqueous solution H,0/D,0 9:1 (v/v)

DPC micelles® 30 mM [D5]DPC in H,0/D,0 9:1 (v/v)

DPC monomer® 0.5 mM [D35]DPC in H,0/D,0 9:1 (v/v)

15 mM [Ds,]DPC + 15 mM DPC in H,0/D,0 9:1 (v/v)

D,0 (99.96 % purity)

30 mM [D;5]DPC in D,O

15 mM [D35]DPC+ 15 mM DPC in D,O 9:1 (v/v)
80 mM [D;,]DPC in D,O

0.5-0.6 mM [D5s]DPC in D,0

[a] Reported CMC values for DPC are in the range of 1.0-1.5 mm "2
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gram, which performs seven cycles of combined automated NOE
assignment and structure calculation of 100 conformers per
cycle®? As experimental input data, we used the lists of: 1) as-
signed chemical shifts, 2) NOE integrated cross-peaks observed in
150 ms NOESY spectra, and 3) ¢ and 1 dihedral angle restraints,
which were derived from 'H and "*C chemical shifts using TALOSn
webserver.?¥ NOE cross-peaks were integrated by the automatic
integration subroutine of SPARKY software (T. D. Goddard and D. G.
Kneller, SPARKY 3, University of California, San Francisco). The pro-
gram MOLMOLB¥ was used to visualize and examine the final en-
sembles of the 20 lowest target function conformers, and PRO-
CHECK/NMR as implemented at the Protein Structure Validation
Suite server (PSVS server: http://psvs-1_4-dev.nesg.org/) to assess
their quality.

CD study

First, stock solutions of the peptides at a nominal concentration of
1 mgmL~" were prepared by dissolving them in milliQ-water. For
samples in aqueous solution, dilutions of the peptide stocks were
made in Gly-HCI buffer (pH 3.0). For samples in DPC micelles, dilu-
tions were made from a 30 mm DPC stock solution in Gly-HCl
buffer (pH 3.0). In both conditions, peptide final concentrations
were 30 um.

CD spectra of these samples were recorded with a J-815 spectro-
polarimeter (JASCO, GroB3-Umstadt, Germany). Measurements were
performed in quartz glass cells (Suprasil, Hellma, Mullheim, Germa-
ny) of T mm path length, between 260 and 180 nm at 0.1 nm inter-
vals. Spectra were recorded at 30°C, using a water-thermostatted
rectangular cell holder. Three repeat scans at a scan-rate of
10 nmmin~', 8 s response time and 1 nm bandwidth, were aver-
aged for each sample and for the baseline of the corresponding
peptide-free sample. After subtracting the baseline spectra from
the sample spectra, CD data were processed with the adaptive
smoothing method, which is part of the Jasco Spectra Analysis
software, and then converted into mean residue ellipticities ([0]).

Fluorescence

Intrinsic fluorescence measurements were performed at 25 °C with
a PTI-QuantaMaster fluorimeter (Birmingham, NJ, USA), model QM-
62003SE, using a 5x5 mm path-length cuvette and peptide con-
centrations of 1 um. Buffer was 20 mm glycine at pH 3.0. Trypto-
phan emission spectra were acquired using an excitation wave-
length of 280 nm, with excitation and emission slits of 1.0 nm and
a scan rate of 60 nmmin~".
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Additional experimental details
Peptide characterisation data

LytA239-250 (TGWKKIADKWYYFN): RP-HPLC: tr = 10.9 min; 98.4 % (linear 18-36 %
B gradient in 18 min; buffer A: 0.05 % TFA in H2O/CH3CN 98:2; buffer B: 0.05 % TFA
in H2O/CH3CN 1:9). HRMS: Theoretical molecular weight = 1820.10; Found [M+H]" =
1820.56. (Reported in Chem. Eur. J. 2015)!!!

K3W5-LytA239.252 (TGKKWIADKWYYFN): RP-HPLC: tr = 10.6 min; 99.6 % (linear
22-37 % B gradient in 18 min; buffer A: 0.05 % TFA in H2O/CH3CN 98:2; buffer B: 0.05
% TFA in H2O/CH3CN 1:9). HRMS: Theoretical molecular weight = 1820.10; Found
[M+H]" = 1820.17.

W5K10-LytA239.25: (TGWKWIADKKYYFN): RP-HPLC: tr = 10.8 min; 98.7 % (linear
22-37 % B gradient in 18 min; buffer A: 0.05 % TFA in H2O/CH3CN 98:2; buffer B: 0.05
% TFA in H2O/CH3CN 1:9). HRMS: Theoretical molecular weight = 1820.10; Found
[M+H]"= 1821.11.

ISY6T11T13-LytA239-2520 (TGWKIYADKWTYTN): RP-HPLC: tr = 9.9 min; 98.6 %
(linear 22-37 % B gradient in 15 min; buffer A: 0.05 % TFA in H2O/CH3CN 98:2; buffer
B: 0.05 % TFA in H2O/CH3CN 1:9). HRMS: Theoretical molecular weight = 1746.96;
Found [M+H]"= 1747.70.

S3S10-LytA239-252 (TGSKKIADKSYYFN): RP-HPLC: tr = 12.0 min; 99.3 % (linear 12-
30 % B gradient in 18 min; buffer A: 0.05 % TFA in H2O/CH3CN 98:2; buffer B: 0.05 %
TFA in H2O/CH3CN 1:9). HRMS: Theoretical molecular weight = 1621.82; Found
[M+H]" = 1823.78.

I3V10-LytA239-252 (TGIKKIADKVYYFN): RP-HPLC: tr = 9.9 min; 98.1 % (linear 18-
33 % B gradient in 15 min; buffer A: 0.05 % TFA in H2O/CH3CN 98:2; buffer B: 0.05 %
TFA in H2O/CH3CN 1:9). HRMS: Theoretical molecular weight = 1659.96; Found
[M+H]" = 1660.17.

Measurement of peptide concentration

Peptide concentration was calculated by UV-absorbance spectroscopy. Absorption
spectra were recorded from 340 to 240 nm in a quartz glass half-micro-cuvette with 1 cm
optical path length (Hellma, Miillheim). Theoretical molar extinction coefficients of the
peptides were calculated for each case on the basis of amino acid composition using the
values of 1490 L mol™! cm™" and 5500 L mol™! cm™! for the Tyr and Trp absorption at 280
nm, respectively.!
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Figure S1. Bar plots of ASHa (ASHa = 81" — §1aRC, ppm), ASca (Adca = Sca®Psemed —
8caRC, ppm) and AScp (Adcp = Scp®ed — §cpRC, ppm) as a function of sequence for
LytA239-252 and the designed peptide variants in D20 at pH 3.0 and 25 °C. §uaRC, 8coR¢
and ScgR® values were taken from Wishart et al. 1995.83! Values for the N- and C-terminal
residues are not shown. The averaged value of the two Ha and Ha’ protons is shown for
G2. At the x-axis, residues differing from wild type sequence are labelled only by number.
Turn residues are marked in bold. The dashed lines indicate the random coil (RC) range.

Unit spaces at the vertical scale of the right panels are twice those of the top panel.
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Figure S2. Selected 2D 'H,'"H-NOESY spectral region of peptide I5Y6T11T13-LytA23o-
252 in D20 at pH 3.0 and 25 °C showing non-sequential NOEs involving side chain
protons. Those from H-bonded residues (face 1) are labelled in magenta, and those from
non-H-bonded residues (the Trp-containing face; face 2) are in green. Intra-residual NOE
cross-peaks are boxed in cyan. They correspond to NOEs between aromatic protons and

Hpp’ protons.
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Figure S3. 2D 'H,'H-NOESY spectra of peptides S3S10-LytA239.252 (A) and 13V 10-
LytA239252 (B) in D20 at pH 3.0 and 25 °C. Region showing NOEs between aromatic
protons (from Y11, Y12 and F13) and aliphatic protons. Those from H-bonded residues
(face 1) are labelled in magenta, and those from non-H-bonded residues (face 2) are in
green. Intra-residual NOE cross-peaks are boxed in cyan. They correspond to NOEs

between aromatic protons and Hpg’ protons, as indicated.
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Figure S4. Superposition of 2D 'H,'3C-HSQC spectra of LytA239-252 variants in D20
(black contours), in 0.6 mM [D3s]-DPC (below CMC; cyan contours), and in 30 mM

[D3s]-DPC (above cmc; red contours). All spectra recorded at 25 °C and pH 3.0. The
cross—peaks of the aromatic Trp, Tyr, and Phe rings are seen.
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Figure S5. Bar plots of ASHa (ASHa = SHa®**™ — §1RC, ppm) and Adca (ASca = Sco®5ved
— 8coRC, ppm) as a function of sequence for LytA239.252 and the designed peptide variants
in 30 mM [D33]-DPC in D20 at pH 3.0 and 25 °C. 81eR¢ and 5cRC values were taken from
Wishart et al.B’! Values for the N- and C-terminal residues are not shown. At the x-axis,
residues differing from the wild type sequence are labelled only by number. Turn residues
are in bold. The dashed lines indicate the random coil (RC) range. The vertical scale of

the bottom panel is twice that of the top panel.

S7



K3W5

daN
dNN
daN(i,i+2)
daN(i,i+3)

daN(i,i+4)
daf(i,i+3)
dNN(i,i+2)

1 5 10 14
TGKKWIADKWYYFN

I5Y6T11T13 1 5 10 14

daN
dNN
daN(i,i+2)
daN(i,i+3)

daN(i,i+4)
daf(i,i+3)
dNN(i,i+2)

TGWK | YADKWTYTN

| W

W5K10

daN
dNN
daN(i,i+2)
daN(i,i+3)

daN(i,i+4)
dof(i,i+3)
dNN(i,i+2)

13V10

daN
dNN
daN(i,i+2)
daN(i,i+3)

daN(i,i+4)
daf(i,i+3)
dNN(i,i+2)

1 5 10 14
TGWKW I ADKKYYFN

s ssss s= B
s meeesss 0 BEes

1 5 10 14
TGIKKIADKVYYFN

. Sssesees S

Figure S6. NOE summaries for the peptides K3W5-, W5K10-, I3V10-, and
I5Y6T11T13-LytA239-252 in 30 mM [D3g]-DPC, at 25 °C and pH 3.0. The intensities of

the sequential NOEs (strong, medium and weak) are indicated by the thickness of the

lines.
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Figure S7. Superposition of 2D 'H,'*C-HSQC spectra of LytA239252 and the designed
variants in 30 mM (red contours) and 80 mM [D3s]-DPC (blue contours). All spectra
recorded at 25 °C and pH 3.0. The cross—peaks of the aromatic Trp, Tyr, and Phe rings
are seen.
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Figure S8. Bar plots of Adta (AdHa = 81" — 1aRC, ppm) as a function of sequence
for LytA239-252 and the designed peptide variants in 30 mM [D3s]-DPC (red contours) and
in 80 mM [D33]-DPC (blue contours) at pH 3.0 and 25 °C. 5cgR° values were taken from
Wishart et al., 1995.3! Values for the N- and C-terminal residues are not shown. The

dashed lines indicate the random coil (RC) range.
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I |
Figure S9. NOEs peptide/DPC for peptide variants. 2D 'H,'H-NOESY spectral
regions of W5K10-LytA239-252 (A), and ISY6T11T13- LytA239252 (B) in 15 mM [Dss]—
DPC and 15 mM non—deuterated DPC (red contours) overlap onto the same regions in 30
mM [D3s]-DPC (black contours). Spectra were recorded at 25 °C and pH 3.0. DPC and
aromatic protons are indicated with arrows in the left vertical axis and in the top
horizontal axis, respectively. The structure of a DPC molecule is shown on top (atoms
are numbered).
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I |
Figure S10. NOEs peptide/DPC for peptide variants. 2D 'H,'H-NOESY spectral
regions of S3S10-LytA239-252 (A), and 13V10-LytA239-252 (B) in 15 mM [D3s]-DPC and
15 mM non—deuterated DPC (red contours) overlap onto the same regions in 30 mM
[D3s]-DPC (black contours). Spectra were recorded at 25 °C and pH 3.0. DPC and
aromatic protons are indicated with arrows in the left vertical axis and in the top
horizontal axis, respectively. The structure of a DPC molecule is shown on top (atoms
are numbered).
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Figure S11. Graph representations of the NMR-calculated amount of a-helix in DPC
micelles as a function of {a)
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Table S1. 'H and '*C chemical shifts (ppm from DSS) of peptide K3W5-LytA239-252 in
aqueous solution (H20/D20 9:1 v/v) and in 30 mM [D3s]-DPC at pH 3.0 and 25 °C.
“nd” stands for not determined. *Measured in D20 "Broad signal

Condition H,0/D,0 9:1(v/v) 30 mM DPC-d38
Peptide structure B-hairpin a-helix
Residue Resonance 'H,ppm BC S, ppm 'HS, ppm  C 5, ppm
Thr 1 (239) C.H 4.04 61.8 3.99 61.5
CgH 4.16 69.5 4.30 69.3
C,Hs 1.35 21.8 1.34 21.8
Gly 2 (240)  Hy 8.57 9.12
CorH 3.83,4.13 45.1 3.99,4.07 46.0
Lys3 (241) Hy 8.31 8.56
C.H 5.19 55.5% 4.22 57.8
CppH 1.42,1.58 354 1.73,1.73  33.1
C,H 1.04,1.04  24.0 138,145 252
CssH 0.84,1.21 299 10.00 29.5
CH 207,217 41.8 290,290 42.4
N:H; 6.96 7.71
Lys4(242)  Hx 9.17 8.27
C.H 4.892 55.7% 4.23 57.8
Cpp'H 1.84,191 36.8 1.78,1.83  33.1
C,yH 1.64,1.64 25.2 142,145 252
CsyH 1.53,1.63 29.7 1.68,1.68 293
CeeoH 2.84,2.84 423 298,298 424
NcH; 7.51 7.64
Trp5(243)  Hx 8.84 8.33
C.H 4.65 56.5% 4.49 59.6*
CppH 2.18,2.94 292 333,333 29.6
CsiH 6.83 127.3 7.36 127.6
NaH 9.75 10.61
CsH 5.71° nd 7.47 121.0
CsH 6.46 121.4 6.97 121.7
CpH 6.93 124.6 7.07 124.2
CeH 7.24 114.1 7.48 114.8
lle 6 (244)  Hx 8.38 7.88
C.H 4.01 60.8 3.89 62.7
CgH 1.65 40.4 1.83 38.9
C,oH3 0.70 17.1 0.86 18.0
CyH 094,134 27.1 1.06, 144 283
Cs1Hs 0.62 13.2 0.83 13.7
Ala7(245)  Hy 8.59 8.00
C.H 3.75 54.2 4.07 54.2
CgH3 1.28 17.6 1.42 19.0
Asp 8 (246)  Hx 8.00 8.27
C.H 3.91 54.2 4.56* 54.9*
CppH 2.77,2.86 38.4 2.97,3.02 423
Lys9(247)  Hx 6.85 7.86
C.H 3.96 55.7 4.13 57.2
CpeH 1.52,1.57 352 1.60,1.65  32.5
CH 1.08,1.16  24.0 099,1.15 245
CssH 1.53,1.53 294 1.40,1.45 28.8
CeeH 2.85,2.85 423 2.58,2.76 423
NcH; 7.46 7.47
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Condition H,0/D>0 9:1 (v/v) 30 mM DPC-d38

Peptide structure B-hairpin a-helix
Residue Resonance 'H§,ppm BC s, ppm 'HS, ppm  C 5, ppm
Trp 10 (248) Hx 7.99 7.98

C.H 4.96 56.9 4.53 58.82
Cpp'H 2.67,3.04 309 3.23,3.23 299
Cs1H 7.42 128.1 7.02 127.5
N H 10.20 10.52
CgH 7.33 120.4 7.46 121.0
CsH 7.04 122.7 6.98 121.7
CpH 7.18 124.7 7.10 124.4
CeH 7.35 115.3 7.47 114.8
13C§2
Tyr 11 (249) Hx 9.11 7.98
C.H 4.54 57.5% 4.16 59.5
Cpp'H 2.79,2.79  40.8 2.70,2.88 39.0
CssH 7.01,7.01 133.6 6.77,6.77 1334
CeeH 6.76,6.76  118.5 6.77,6.77 1184
Tyr 12 (250) Hy 8.31 7.61
C.H 4.832 57.82 421 59.5
CppH 2.71,2.92 398 2.71,2.83  39.0
CssH 7.09,7.09 1335 6.83,6.83 133.1
CeeH 6.69,6.69 118.1 6.74,6.74 118.3
Phe 13 (251) Hx 8.15 7.66
C.H 4.76* 56.9* 4.47 58.12
Cpp'H 2.95,3.12 40.6 2.90,3.18 399
CssH 7.20,7.20 132.1 7.27,727 1324
CeeH 7.24,7.24 129.2 7.26,7.26 1294
CH 7.20 131.2 7.17 131.2
Asn 14 (252) Hy 8.40 7.99
C.H 4.57 54.02 4.54 53.22
CppH 2.70,2.83 40.3 2.56,2.68 393
Nss'Ha 6.89, 7.59 6.63,7.36
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Table S2. 'H and *C chemical shifts (ppm from DSS) of peptide W5K10-LytA239-252 in
aqueous solution and in 30 mM [Dss]-DPC at pH 3.0 and 25 °C. “nd” stands for not
determined. *Measured in D20

Condition H,O0/Dy0 9:1 (v/v) 30 mM DPC-d38
Peptide structure B-hairpin a-helix
Residue Resonance 'H§,ppm “Cd,ppm 'HS,ppm BC 5, ppm
Thr1(39) CH 3.92 61.8 3.94 61.5
CgH 4.09 69.5 4.21 69.2
C,Hs 1.30 21.7 1.28 21.6
Gly2(240) Hy 8.54 9.06
CorH 3.90,4.01 45.1 3.98,4.05 458
Trp3(241)  Hy 8.04 8.53
C.H 5.07 56.4% 4.58 57.8%
CgH 2.75,2.75 31.1 3.13,3.13 29.7
CsiH 7.08 127.7 7.33 127.5
N H 10.09 10.62
CaH 7.15 120.7 7.46 121.1
CgH 6.65 122.2 7.00 121.5
CoH 7.16 124.7 7.09 124.1
CH 7.43 114.9 7.49 114.9
Lys4(242) Hy 8.89 8.37
C.H 4.53 55.52 4.06 58.5
Cpp'H 1.74,1.79 35.8 1.79,1.79 324
C,,yH 1.30,1.36 24.8 1.30,1.30 25.0
Css'H 1.55,1.55 29.6 1.63,1.63 293
CeH 2.76,2.76  42.3 2.89,2.93 422
N:Hs 7.46 7.63
Trp 5 (243)  Hx 8.65 7.78
C.H 5.04 57.32 4.40 59.32
CppH 3.14,323 303 3.26,3.31 293
CsiH 7.29 127.5 7.37 127.8
NgH 10.21 10.43
CsH 7.36 120.7 7.45 121.2
CgH 6.97 122.2 6.95 121.7
CpH 7.14 124.8 7.04 124.3
CpH 7.42 114.8 7.40 114.8
lle 6 (244)  Hx 8.88 7.46
C.H 4.20 61.5 3.77 63.4
CgH 1.86 39.8 1.77 38.2
Cy2Hs 0.86 17.3 0.83 17.8
CyrrH 1.08,1.43 274 1.05,1.34 28.6
Csi1Hs 0.69 13.1 0.83 13.7
Ala7(245)  Hx 9.00 7.86
C.H 4.00 53.8 4.12 54.3
CgH3 1.45 17.8 1.44 18.7
Asp 8 (246) Hn 8.58 8.23
C.H 4.51 54.22 4.66 54.6°
CppH 2.95,3.03 38.6 2.94,3.05 385
Lys9(247) Hx 8.10 8.05
C.H 4.53 55.7° 4.15 57.8
CppH 1.76,1.76  35.2 1.86,1.86 32.3
C,yH 1.32,1.42 252 1.30, 1.43 249
CssH 1.68,1.68 29.3 1.58,1.58 29.2
CeeH 297,297 425 2.67,2.85 422
NH;3 7.54 7.75
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Condition H,0/Dy0 9:1 (v/v) 30 mM DPC-d38
Peptide structure B-hairpin a-helix
Residue Resonance 'H§,ppm “Co,ppm 'HS, ppm BC 5, ppm
Lys 10 (248) Hx 8.09 7.86
C.H 4.18 56.4 4.11 58.2
CppH 0.95,0.95 334 1.78,1.78 32.4
C,,yH 0.40,0.58 25.0 1.30,1.30 25.1
CssH 0.77,0.96 294 1.63,1.63 29.5
CeeH 2.02,2.17 418 2.89,2.96 423
NeHs 7.01 7.64
Tyr 249 Hx 8.75 7.70
C.H 4.59 56.92 4.31 59.4
CppH 271,284 41.0 2.89,2.89 38.6
CssH 7.04,7.04 133.7 6.78,6.78 1334
CeeH 6.81,6.81 118.4 6.75,6.75 118.3
Tyr 250 Hx 8.31 7.71
C.H 4.44 58.0 4.16 60.2
CppH 2.27,2.69 394 2.63,2.70  39.5
CssH 6.64,6.64 1333 6.90,6.90 1332
CeeH 6.58,6.58 118.0 6.76,6.76  118.5
Phe 251 Hx 7.97 7.84
C.H 4.60 57.42 4.62 57.6*
CppH 2.87,3.05 404 296,327 40.1
CssH 7.18,7.18 132.3 7.35,7.35 1325
CeH 721,721 131.4 727,727 131.2
CH 7.15 129.8 7.14 129.4
Asn 252 Hx 8.24 8.06
C.H 4.49 54.3¢2 4.64 53.4
CypH 270,277 40.0 277,2.87 397
NssHo 6.89, 7.56 6.89, 7.64
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Table S3. 'H and '°C chemical shifts (ppm from DSS) of S3S10-LytA239-252 in aqueous
solution and in 30 mM [D3s]-DPC at pH 3.0 and 25 °C. “nd” stands for not determined.
iMeasured in D20

Condition H,0/D>0 9:1 (v/v) 30 mM DPC-d38
Peptide structure Random coil a-helix
Residue Resonance 'H§,ppm BC S, ppm 'HS, ppm  C 5, ppm
Thr1(239) C.H 3.96 61.8 3.94 61.7
CgH 4.21 69.2 4.18 69.1
C,Hs 1.34 21.6 1.32 21.6
Gly 2 (240) Hx 8.84 8.83
CoH 4.08,4.08 454 4.06,4.06 453
Ser3(241) Hn 8.40 8.39
CH 4.48 58.4 4.45 58.4
CppH 3.85,3.85 643 3.83,3.83 64.2
Lys4 (242) Hx 8.45 8.46
C.H 4.33 56.5 4.30 56.6
CppH 1.74,1.82 334 1.72,1.80 33.3
CyH 139,143 250 1.39,1.44 25.0
CssH 1.66,1.66 29.4 1.66,1.66 29.3
CeeH 298,298 424 296,296 422
NH; 7.53 7.54
Lys5(243) Hx 8.29 8.36
CH 4.30 56.8 4.29 56.8
CppH 1.72,1.78 333 1.71,1.71 333
CyH 1.37,1.37 250 137,142 251
CssH 1.65,1.65 29.3 1.66,1.66 29.4
CeeH 297,297 424 2.96,2.96 422
NH; 7.52 7.55
Ile 6 (244) Hx 8.24 8.20
C.H 4.13 61.1 4.09 61.3
CgH 1.83 39.0 1.82 38.9
CyHs 0.91 17.7 0.89 17.8
CyrH 1.18,1.46 275 1.16,1.46 27.6
CsiH; 0.85 13.0 0.83 13.1
Ala7(245) Hx 8.44 8.40
CH 4.30 52.7 428 52.8
CpH3 1.37 19.5 1.36 19.4
Asp 8 (246) Hn 8.37 8.37
C.H 4.64 53.5 4.62 53.5°
CppH 2.80,2.88 39.2 2.82,2.82 392
Lys9(247) Hn 8.39 8.31
C.H 4.32 56.6 4.26 57.0
CppH 1.71,1.78 333 1.72,1.72 332
CyH 1.40,1.40 25.0 1.37,1.37 250
CssH 1.67,1.67 293 1.65,1.65 292
CeeH 297,297 425 293,293 422
NH; 7.52 7.60
Ser 10 (248) Hn 8.23 8.18
C.H 4.37 58.7 436 58.9
CppH 3.76,3.76  64.0 3.76,3.76  63.9
Tyr 11 (249) Hy 8.06 8.13
C.H 4.46 58.2 4.38 58.7
CppH 2.84,2.84 392 2.83,2.83 39.1
CssH 6.98,6.98 133.5 6.89,6.89 1334
CeeH 6.77,6.77 118.4 6.75,6.75 118.4
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Condition

H,0/D;0 9:1 (v/v)

30 mM DPC-d38

Peptide structure Random coil a-helix
Residue Resonance 'H§,ppm BC s, ppm 'HS, ppm  C 5, ppm
Tyr 12 (250) Hx 791 7.94

C.H 4.47 57.9 4.30 59.1
Cpp'H 2.79,2.92 393 2.71,2.82 39.5
Css'H 7.03,7.03 1334 6.94,694 1333
CeoH 6.81,6.81 1184 6.76,6.76 1184
Phe 13 (251) Hy 7.97 7.88
C.H 4.58 57.7 4.57 57.5%
CppH 2.97,3.11 40.1 2.95,3.16 40.1
CssH 7.24,7.24 1322 7.28,7.28 1324
CeeH 7.35,7.35 131.7 7.30,7.30 1314
CH 7.28 130.1 7.20 129.7
Asn 14 (252) Hx 8.11 8.14
C.H 4.58 53.1 4.59 53.0¢
Cpp'H 2.71,2.79  39.6 2.71,2.78  39.7
Nss'Ho 6.87,7.55 6.86, 7.58
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Table S4. 'H and °C chemical shifts (ppm from DSS) of 13V10-LytA239.252 in aqueous
solution and in 30 mM [D3s]-DPC at pH 3.0 and 25 °C. “nd” stands for not determined.
iMeasured in D20

Condition H,0/D>0 9:1 (v/v) 30 mM DPC-d38
Peptide structure B-hairpin a-helix
Residue Resonance 'H§,ppm BC S, ppm 'HS, ppm  C 5, ppm
Thr 1 (239) C.H 3.95 61.8 3.97 61.6
CgH 4.19 69.2 4.23 69.2
C,Hs 1.33 21.6 1.34 21.7
Gly2 (240)  Hy 8.79 9.00
CorH 3.97,4.09 452 401,420 459
le3(241)  Hy 8.23 8.59
C.H 4.22 61.3 3.99 63.2
CgH 1.80 39.4 1.89 38.6
C,oH3 0.88 17.7 0.92 18.2
CyrH 1.16,1.46 27.5 125,156 289
Cs1Hs 0.86 13.2 0.90 13.7
Lys 4 (242) Hx 8.48 8.49
C.H 4.34 56.3 3.99 59.5
Cpp'H 1.69,1.77 33.6 1.84,1.84 32.6
C,yH 1.33,142 25.0 137,149 258
CsyH 1.65,1.65 294 1.71,1.71 293
CeeH 2.96,2.96 423 297,297 42.2
N¢Hs 7.53 7.70
Lys5(243)  Hx 8.43 7.90
C.H 4.40 56.3 4.18 58.5
CpH 170,177 33.5 1.85,1.85 326
CH 133,140  25.0 142,151 254
CssH 1.65,1.65 294 1.71, 1.71  29.3
CeeH 2.96,2.96 424 2.96,2.96 422
NeH; 7.53 7.62
lle 6 (244)  Hy 8.31 7.81
C.H 4.15 61.1 3.87 63.7
CgH 1.83 39.2 1.95 38.4
C,oH; 0.91 17.7 091 18.0
CyrH 1.16,146 27.5 1.18,1.64 28.7
CsiHs 0.83 13.0 0.85 134
Ala7(245) Hx 8.52 8.44
C.H 4.28 52.8 4.03 54.9
CgH3 1.39 19.3 1.45 18.8
Asp 8(246) Hx 8.40 8.39
C.H 4.61 53.7 4.58 55.42
Cpp'H 2.78,2.87 39.2 2.96,2.96 38.6
Lys9(247) Hy 8.19 7.88
C.H 4.27 56.5 4.24 58.0
CppH 1.69,1.69 33.5 191,198 329
C,H 1.25,1.31 25.0 1.51,1.55 254
CsyH 1.62,1.62 29.3 1.71,1.71  29.4
CeeH 291,291 424 2.94,2.94 422
NcH; 7.52 7.78
Val 10 (248) Hx 8.00 7.85
C.H 4.01 62.4 3.88 64.3
CgH 1.85 33.2 2.14 32.5
C,1H3 0.67 21.3 0.87 22.0
C,oH; 0.82 20.9 0.97 22.0
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Condition

H,0/D;0 9:1 (v/v)

30 mM DPC-d38

Peptide structure B-hairpin a-helix
Residue Resonance 'H§,ppm BC s, ppm 'HS, ppm  C 5, ppm
Tyr 11 (249) Hx 8.26 8.09

C.H 4.48 57.8 4.23 60.0
Cpp'H 2.74,2.82 39.7 2.82,2.82 39.6
CsyH 7.04,7.04 133.5 6.62,6.62 133.2
CeoH 6.77,6.77 1184 6.66,6.66 118.3
Tyr 12 (250) Hx 8.02 7.74
C.H 4.54 57.7 4.32 59.0
CppH 2.77,2.92 39.6 2.79,2.99 38.6
CssH 7.04,7.04 133.5 7.09,7.09 1335
CeeH 6.77,6.77 118.4 6.82,6.82 1184
Phe 13 (251) Hx 8.12 775
C.H 4.60 57.5 4.49 58.32
Cpp'H 2.96,3.12 40.2 3.13,3.19  39.7
CssH 7.23,7.23 1323 7.28,7.28 1324
CeoH 7.32,7.32 131.7 729,729 1314
CH 7.25 130.1 7.21 129.7
Asn 14 (252) Hy 8.17 7.99
C.H 4.57 53.2 4.57 52.92
CppH 2.73,2.78 39.7 2.67,2.78 39.8
Nsz Ho 6.87,7.55 6.77,7.56
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Table S5. 'H and °C chemical shifts (ppm from DSS) of ISY6T11T13-LytA239-252 in
aqueous solution and in 30 mM [Dzsg]-DPC at pH 3.0 and 25 °C. “nd” stands for not
determined. *Measured in D20

Condition H,0/D,0 9:1(v/v) 30 mM DPC-d38
Peptide structure B-hairpin a-helix
Residue Resonance 'H§,ppm BC S, ppm 'HS, ppm  C 5, ppm
Thr 1 (239) C.H 3.84 61.7 3.89 63.0
CgH 4.08 69.2 4.14 69.2
C,Hs 1.25 21.6 1.23 21.7
Gly2(240)  Hy 8.58 8.94
CooH 3.90,4.06 45.2 4.01,4.14 459
Trp3(241)  Hy 8.27 8.58
C.H 4.84* 57.4* 4.58 59.02
CgH 3.16,3.24 304 3.32,3.32
CsiH 7.25 127.6 7.43 127.6
NaH 10.14 10.70
CsH 7.55 121.0 7.46 120.8
CgH 7.13 122.3 6.90 121.5
CpH 7.21 124.9 7.07 124.1
CpH 7.46 115.0 7.49 115.0
Lys4(242) Hy 8.45 8.20
C.H 4.32 56.4 3.83 59.3
CppH 1.56,1.62 343 1.56,1.65 32.4
C,H 1.18,1.18 24.7 1.01,1.05 253
CseH 1.57,1.57 29.3 1.58,1.58 293
CeeH 2.86,2.86 424 2.89,2.89 422
N:Hs 7.48 7.69
lle5(243)  Hx 8.05 7.59
C.H 4.11 60.9 3.89 61.7
CgH 1.46 38.7 1.76 379
C,2H3 0.70 17.3 0.70 17.7
CprH 079, .11 27.5 115,131 282
Csi1H3 0.65 12.9 0.78 13.2
Tyr 6 (244)  Hy 8.35 7.48
C.H 4.51 58.0 4.28 60.32
CppH 2.86,2.99 39.6 3.00,3.06 39.2
CssH 7.09,7.09 133.5 7.11,7.11  133.0
CeeH 6.80,6.80 118.4 6.81,6.81 118.6
Ala7(245) Hx 8.35 8.05
C.H 4.09 53.0 4.12 54.3
CgH3 1.27 18.7 1.48 19.0
Asp 8(246) Hx 8.28 8.13
C.H 442 53.8 4.56 54.6%
Cpp'H 2.80,2.80 38.7 2.90,2.90 384
Lys9(247)  Hx 8.03 7.82
C.H 4.33 56.2 4.19 57.3
CppH 1.65,1.71  33.7 1.77,1.77  32.8
CyyH 1.26,1.26 24.6 1.32,1.39 25.1
CsyH 1.60,1.60  29.3 1.58,1.58 29.4
CeeH 291,291 423 2.84,2.89 422
NcH; 751 7.65
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Condition H,0/D,0 9:1(v/v) 30 mM DPC-d38

Peptide structure B-hairpin a-helix
Residue Resonance 'H§,ppm BC s, ppm 'HS, ppm  C 5, ppm
Trp 10 (248) Hx 831 7.94

C.H 4.78 nd 4.65 58.02
Cpp'H 3.18,3.26 299 3.23,340 29.9
Cs1H 7.15 127.5 7.22 127.0
N H 10.01 10.33
CsH 7.56 121.0 7.59 121.1
CgH 7.08 122.2 7.01 121.7
CpH 7.24 125.0 7.07 124.1
CeH 7.46 115.0 7.43 114.6
Thr 11 (249) Hy 8.27 7.69
C.H 4.40 61.9 4.28 62.0
CgH 4.06 70.8 4.13 70.0
C,H3 1.09 21.5 1.09 21.6
Tyr 12 (250) Hx 8.20 7.67
C.H 4.44 58.1 4.47 58.5%
Cpp'H 242,283 38.89 2.79,2.98 39.2
Css'H 6.76,6.76 1334 6.99,699 1334
CeoH 6.73,6.73 1184 6.78,6.78 118.5
Thr 13 (251) Hn 7.92 7.88
C.H 4.31 61.5 4.30 61.8
CgH 4.11 70.5 4.19 70.1
C,H3 1.13 21.6 1.17 21.8
Asn 14 (252) Hy 8.14 8.15
C.H 4.54 53.7% 4.61 53.0#
Cpp'H 2.71,2.80 39.8 2.73,2.80 39.6
Nss'Ho 6.88, 7.55 6.87,7.58
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Table S6. Summary of non-sequential cross-strand NOEs involving side chain protons
observed for the peptides LytA239-252 (Zamora-Carreras et al., 2015), K3W5-, KSW10-,
and ISY6T11T13-LytA239-252 in aqueous solution. No cross-strand NOE was observed
for peptide S3S10-LytA239-252, and only one, a diagonal between residues K5 and Y12,
was found for peptide I3V 10-LytA239-252.

Peptide
Side chains from non-HB LytAj39.252 K3WS5- K5W10- I5Y6T11T13-
residues LytAiszo2s2 LytAiseos LytAj39-252
Facing residues 5/10 K5/W10 W5/W10 W5/K10 15/W10
No. NOEs 15 1 10 1
Facing residues 3/12 W3/Y12 K3/Y12 W3/Y12 W3/Y12
No. NOEs 8 7 0 0
Facing residues 1/14 TI/N14 TI1/N14 TI1/N14 TI1/N14
No. NOEs 3 0 0 0
Diagonal residues 5/12 K5/Y12 W5/Y12 W5/Y12 I5/Y12
No. NOEs 0 0 0 1
Diagonal residues 3/10 W3/W10 K3/W10 W3/K10 W3/W10
No. NOEs 11 6 0 2
Diagonal residues 1/12 T1/Y12 T1/Y12 T1/Y12 T1/Y12
No. NOEs 1 1 2 1
Side chains from HB
residues
Facing residues 6/9 16/K9 16/K9 16/K9 Y6/K9
No. NOEs 2 0 0 4
Facing residues 4/11 K4/Y11 K4/Y11 K4/Y11 K4/T11
No. NOEs 0 3 4 0
Diagonal residues 6/11 16/Y11 16/Y11 I6/Y11 Y6/T11
No. NOEs 11 9 10 1
Diagonal residues 4/13 K4/F13 K4/F13 K4/F13 K4/T13
No. NOEs 12 6 3 0
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Table S7. Structural statistics parameters for the ensemble of the 20 lowest target function conformers calculated for the designed LytA239-252
variants in aqueous solution and in DPC micelles.

Aqueous solution

DPC micelles

K3W5- W5K10  I5Y6T11T13 K3W5 W5K10  I5Y6T11T13 I13V10- S3S10-
LytAroas2  -LytAzsonsa  -LytAossensy  -LytAzszonsr  -LytAssensy  -LytAssensy LytAzsonsy  LytAsseas
Number of distance restraints
Intraresidue & sequential (i—j < 1) 43 96 113 109 126 175 176 112
Medium range (1 <[i—j| <5) 11 2 5 6 39 43 68 2
Long range (Ji—j| > 5) 35 26 2 0 0 0 0 0
Total number 83 124 120 115 165 218 244 114
Averaged total number per residue
Number of dihedral angle constraints
Number of restricted ¢ angles 10 10 8 11 11 11 11 11
Number of restricted y angles 10 10 8 10 11 7 10 4
Total number 20 20 16 21 22 18 21 15
Pairwise RMSD (A) for residues 2-13
Backbone atoms 0.5+ 0.2 1.3+£0.5 1.8+£0.6 1.0+£0.3 04+0.1 0.2+0.1 0.3+0.1 3.0+£09
0.5+0.2[
All heavy atoms 1.6 +0.4 22+0.6 37+£13 25+0.6 1.2+0.2 0.7+0.2 1.0£0.2 46+1.0
1.7 £ 0.5
Ramachandran plot (%)
Most favoured regions 97.7 82.7 79.1 95.5 99.1 72.7 100 62.7
Additionally allowed regions 23 17.3 20.5 4.5 0.9 27.3 0 37.3
Generously allowed regions 0 0 0 0 0 0 0 0
Disallowed regions 0 0 0.5 0 0 0 0 0

(2 RMSD value considering only residues 9-12.
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Table S8. 'H chemical shifts (5, ppm) for side chains of 3/12 and 5/10 cross-strand pairs in Trp-containing peptides (Figure 2) in aqueous solution
at pH 3.0 and 25 °C. Random coil values taken from Wishart et al. 1995 are indicated.’ Being A = §°0°ved — §RC_ §-values with [AS| > 0.5 ppm are
shown in bold. FtE stands for Face-to-edge and EtF for Edge-to-face.

Cross-strand pair Peptide Residue Trp protons
Cep'H CsiH CgH CgH CpH CpH
Random coil Y 3.29,3.27 7.27 7.65 7.18 7.25 7.50
FtE W3/Y12 LytA 239252 W3 3.19,3.51 7.41 7.68 7.03 7.20 7.34
FtE W3/Y12 WS5K10- LytA 239252 w3 2.75,2.75 7.05 7.15 6.65 7.16 743
FtE W3/Y12 I5Y6T11T13- LytA 239252 w3 3.16,3.25 7.25 7.55 7.13 721  7.46
K5/W10 LytA 239250 W10 2.99,3.31 7.22 7.63 7.08 7.29 7.50
EtF W5/W10 K3WS5- LytA 230050 W5 2.18,2.94 6.83 5.71 6.46 693 7.24
EtF W5/W10 K3WS5- LytA 230252 W10 2.67,3.04 7.42 7.33 7.04 7.18 7.35
W5/K10 WS5K10- LytA 239.252 W5 3.14,3.23 7.29 7.36 6.97 7.14 742
I5/W10 I5Y6T11TI13- LytA 239252 W10 3.18,3.26 7.15 7.56 7.08 7.24 746
Tyr protons
Cﬁﬁ’H CSS’H Cse’H
Random coil Y 2.98,3.03 7.14,7.14 6.84,6.84
FtE W3/Y12 LytA 2005 Y12 0.94,2.18 5.78,5.78 6.54,6.54
FtE W3/Y12 W5K10- LytA 230050 Y12°%°  1.16,2.25 6.64,6.64 6.58, 6.58
FtE W3/Y12 I5Y6T11T13- LytA 230250 Y12°%°  2.42,2.83  6.76,6.76 6.73,6.73
K3/Y12 K3W5- LytA 239252 Y12 271,292  7.09,7.09 6.69, 6.69
Lys protons
CBB’H ny’H CssH CeeH
Random coil K 1.75,1.84 1.44,1.44 1.68,1.68 2.99,2.99
K5/W10 LytA 239.252 K5 -0.19,1.18 -0.04,0.60 1.15,1.15 2.50,2.62
K3/Y12 K3WS5- LytA 239252 K3 1.42,1.58 1.48,1.63 0.84,1.21 2.07,2.17
W5/K10 WS5K10- LytA 239.252 K10 0.96,0.96 0.40,0.58 0.77,0.96 2.02,2.17
Ile protons
CgH CyH C,Hs CsHs
Random coil I 1.87 1.16, 1.45 0.91 0.86
I5/W10 II5Y6T11T13- LytA 239252 I5 1.46 0.79,1.11 0.70 0.65
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