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Abstract: The influence of charged side
chains on the folding—unfolding equi-
librium of B-peptides was investigated
by means of molecular dynamics simu-
lations. Four different peptides contain-
ing only negatively charged side chains,
positively charged side chains, both
types of charged side chains (with the
ability to form stabilizing salt bridges)
or no charged side chains were studied
under various conditions (different sim-
ulation temperatures, starting struc-
tures and solvent environment). The
NMR solution structure in methanol of

NMR analysis of another peptide (B)
is described here. The other peptides
(C and D) studied herein have hitherto
not been synthesized. All four peptides
A-D are expected to adopt a left-
handed 3,,-helix in solution as well as
in the simulations. The resulting en-
sembles of structures were analyzed in
terms of conformational space sampled
by the peptides, folding behavior, struc-
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tural properties such as hydrogen
bonding, side chain—side chain and side
chain-backbone interactions and in
terms of the level of agreement with
the NMR data available for two of the
peptides. It was found that the pres-
ence of charged side chains significant-
ly slows down the folding process in
methanol solution due to the stabiliza-
tion of intermediate conformers with
side chain-backbone interactions. In
water, where the solvent competes with
the solute—solute polar interactions, the
folding process to the 3,,-helix is faster

one of the peptides (A) has already

. . folding
been published; the synthesis and
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in the simulations.

Introduction

The equilibrium of a polypeptide chain between its thermo-
dynamically most stable conformation (the folded state) and
all other thermodynamically accessible conformations (the
unfolded state) depends on i) the thermodynamic conditions
(temperature, pressure), ii) the environment (solvent, co-sol-
vents, other solutes and pH), and iii) its amino-acid composi-
tion. To understand how the amino-acid sequence deter-
mines the three-dimensional structure of a peptide or pro-
tein, a shear number of studies has been undertaken to
assess the secondary structure propensity of amino acids
based on host—guest studies and database searches.'* In the
literature different explanations are proposed to rationalize
the distinct preferences of amino acids for a-helical, (-
strand and other conformational states. On the one hand,
experimental’ !l and theoretical™ studies reveal that non-
polar side chains stabilize secondary structure elements and
suggest that it is the hydrophobicity of amino acids which
determines their conformational preferences. Similarly, elec-
trostatic interactions between charged side chains, so-called
salt bridges,">'% side chain-side chain hydrogen-bonding in-
teractions, for example, between glutamine and aspara-
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ginel'" ¥ and side chain-backbone interactions at N- and C-
termini (N- and C-capping)’®? have also been shown to
stabilize helical conformations. On the other hand, Creamer
and Rose™? suggested that the loss in side-chain entropy
upon folding in a defined sec-
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are investigated. To that end, we performed a series of simu-
lations, summarized in Table 1, of four different peptides
with different charged and aliphatic side chains, whose struc-
tural formulae are shown in Figure 1. Peptide A is soluble in

Table 1. Overview over the performed simulations, see also Figure 1.1

ondary structure influences the

heli i £ . Peptide  Simulation Solvent  Number of T Counterions  Starting Simulation

a-helix propensities of amino . .

. . . name solvent molecules [K] present conformation time [ns]

acids most dominantly. In addi-

. £ bl id hai A orn—gluy.op  MeOH 1728 298 - extended 199

lon, uniavorable side chamn-— omn-glu,,  HO 3919 298 - extended 99

helix interactions (steric strain

between side chains and the B1 1yS,0500¢ MeOH 2144 298 - extended 200

helix backbone) may also have YS90 MeOH 2144 340 - extended 200

an effect on helix propensi- 1830500 MeOH 2141 298 30l extendfed 150

0 255 W N 18,050 MeOH 1373 298 - 3,,-helix 100

ties, ™™ whereas [-sheet pro- IysE g MeOH 1370 298 31 3,,-helix 250

pensities seem to depend large-

ly on the so-called side chain C gy, MeOH 1920 298 - extended 200
. * -

blocking effect, where large, glWyg,., MeOH 1917 298 2Na*,1ClI" extended 100

bulky side chams'lnterfere with valy,, . MeOH 1862 208 extended 150

hydrogen  bonding  between valy,, MeOH 1862 340 - extended 150

Pepthe and solvent and stabi- [a] Note that the simulation times indicated does not include the equilibration times of 1 ns. They refer to the

lize intramolecular hydrogen {ime used for the analysis.

bonding.”™” Another approach

to explain the secondary struc-

ture preferences of certain amino acid sequences is based on
the backbone electrostatics: The stability of a conformation-
al state is determined by local and nonlocal backbone elec-
trostatic interactions, the strengths of which depend on the
amino acid side chains and on the solvent.}'=

Based on this vast knowledge accumulated over the last
two decades, protein design,* redesign™ and the de novo
design of isolated secondary structure elements by using nat-
ural® or nonnatural amino acids®” has become a rapidly
expanding area of protein science. Among the class of so-
called foldamers, nonnatural compounds with a strong ten-
dency to adopt specific three-dimensional conformations, [3-
peptides have attracted much attention in the past few years
due to their remarkable stability towards common peptidas-
es and their ability to form various stable secondary struc-
ture elements with as few as four p-amino acid residues.**>!
Therefore, p-peptides are ideal model systems to study the
process of folding and the secondary structure propensities
of specific f-amino acid sequences.*****J The first B-pep-
tides derived from homologues of natural o-amino acids car-
ried aliphatic or benzylic side chains (Ala, Val, Leu, Phe) in
the 2- and/or 3-position (substitution at the o- and/or (-
carbon) and were shown by NMR and circular dichroism
(CD) spectroscopy and by MD simulation to form 3,,-heli-
ces, 441 10/12-helices***” and hairpins®**! in methanol,
analogous to the secondary structures of proteins. In order
to understand the folding behavior of (3-peptides in water,
functionalized, charged side chains were incorporated in [3-
peptides to ensure high water solubility.”*>”

Here, the folding—unfolding behavior of -heptapeptides
with functionalized side chains is studied by molecular dy-
namics (MD) simulation. In particular, the role of salt
bridges in the stabilization of helices and the influence of
charged side chains on the folding—unfolding equilibrium
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Figure 1. Chemical formulae of the -heptapeptides A-D studied. Pep-
tide A: H-B-HVal-f-HGlu-f-HOrn-3-HVal-B-HOrn-p-HGlu-3-HVal-OH;
peptide B: H-B-HLys-p-HPhe-B-HLeu-B-HMet-3-HPhe-p-HLeu-p-HLys-
X with X = -NH, for peptide B1 and X = -OH for peptide B2; peptide
C: H-B-HGlu-B-HPhe-B-HLeu-B-HMet-f-HPhe-f-HLeu-3-HGlu-NH,;
peptide D: H-B-HVal-B-HPhe-f-HLeu-B-HMet-f-HPhe-f-HLeu-f3-HVal-
NH,. Peptide B1, with a C-terminal amide group, was investigated by MD
simulation, while peptide B2, with a non-protected C-terminus, was stud-
ied experimentally. Note that in the simulations the N-termini, the orni-
thine (Orn) and lysine (Lys) residues are protonated, while the glutamic acid
(Glu) residues and the carboxylic-acid C-terminus are deprotonated.>®"!
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water and methanol and has been shown by NMR and CD
spectroscopy to adopt a 3,,-helix in both media. It contains
two glutamic acid and two ornithine side chains, positioned
in i,i4+3 positions (where i indicates the residue number) al-
lowing for the formation of two salt bridges in a 3,,-helical
conformation.’ Peptide B contains ’-lysine residues locat-
ed at the N- and C-terminus and was designed to test wheth-
er a f*-heptapeptide without the o-branched side chains of
Val or 11> would adopt a 3,,-helical conformation in
methanol. Preliminary CD spectroscopic experiments sup-
port the presence of 3,,-helical structures. In this simulation
study peptide B was studied with a C-terminal amide group
(henceforth denoted as peptide B1), while experimentally it
was studied with a C-terminal carboxylic acid group (hence-
forth denoted as peptide B2). Although the different C-ter-
mini may influence the helical stability,*** fundamental dif-
ference in the structural preference of the peptide with or
without amide terminus is unlikely. Peptides C and D have
not yet been synthesized, they are “derived” from peptide
B1 by replacement of the lysine by glutamic acid and by
valine side chains, respectively. This would allow us to inves-
tigate the difference in behavior of B-peptides with positive-
ly and negatively charged side chains and to compare the in-
fluence of charged side chains on the folding—unfolding
equilibrium to that of aliphatic side chains.

All four peptides were simulated in methanol solution at
298 K and 1 atm starting from a fully extended structure
(Table 1) using the GROMOS packagel®” and the
GROMOS force field, version 45A3.°%%1 Peptide A was
also simulated in aqueous solution (simulation orn-gluy),
which offers the possibility to compare two different media.
Additional simulations were performed, i) at elevated tem-
perature (340 K) for peptides B1 and D to access a larger
part of conformational space and to sample more folding—
unfolding events (simulations lys,,,,, and val,,, ), ii) starting
from a canonical 3,-helix to further test the stability of the
3,,-helical conformation of peptide B1 (simulations lys,y,
and lys},,,), and iii) with additional neutralizing counterions
to test the influence of counterions on the stability and fold-
ing behavior of peptides B1 and C (simulations lysy,, ,
lysye, and glul., ). The ensembles of structures from the
trajectories were analyzed in terms of conformational space
sampled by the peptide, folding behavior, structural proper-
ties such as hydrogen-bonding, side chain-side chain and
side chain-backbone interactions and in terms of the level
of agreement with the available NMR data. After presenting
the simulation results of the four peptides individually in the
Results section, the main observations made in all the 11
simulations are then compared and discussed in the Discus-
sion section.

Results

Peptide A—Native fold is stabilized by salt bridges: Figure 2
shows the atom-positional root-mean-square deviation
(rmsd) of the trajectory structures of the MD simulations of
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peptide A (sequence: H-B-HVal--HGlu-B-HOrn-f3-HVal-f3-
HOrn-3-HGlu-B-HVal-OH) in methanol (a) and water (b)
from the NMR model structure®™ as function of time along
with the occurrence of the most dominant intramolecular
hydrogen bonds. The hydrogen bonds observed in the simu-
lations of peptide A correspond mostly to 14-membered
rings characteristic for 3,,-helices. The hydrogen-bond popu-
lations of all peptides studied are summarized in Table 2.
While in water peptide A folds to the experimentally deter-
mined 3,,-helix within the first 10 ns and subsequently un-
folds and refolds to this conformation, the folding to a com-
plete 3;,-helix in methanol takes more than 170 ns. Although
the peripheral 3;,-helical hydrogen bonds, NH(1)—O(3),
NH(4)—O(6) and NH(5)—O(7) are formed within the first
20 ns, the two central hydrogen bonds, NH(2)—O(4) and
NH(3)—0O(5), appear only after 170 ns. This corresponds to a
relatively rapid formation of a partly folded 3,,-helix in
methanol, which appears to be stable over more than 150 ns
before it changes into a complete 3,,-helix.
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Figure 2. Atom-positional root-mean-square deviation (rmsd of backbone
atoms of residues 2 to 6) of peptide A in a) methanol and b) water with
respect to the 3,,-helical NMR model structuret along with the evolu-
tion of the hydrogen bonds characteristic of 3,,-helices. The hydrogen
bonds displayed from top to bottom are NH(1)—O(3), NH(2)-O(4),
NH(3)—0(5), NH(4)—O(6) and NH(5)—O(7). The definition of a hydro-
gen bond is given in the caption of Table 2. Due to low plotting resolu-
tion a hydrogen bond may be on average less present than implicated by
the figure.

The populations (P) and the average lifetimes (7) of the
different conformations observed in the simulations were
evaluated by a conformational clustering analysis described
in the Methods section and are listed in Table 3, while the
thermodynamic and kinetic folding properties of the 3,
helix and of another helix, a 2.5;,-helix also observed in (3-
peptides, are summarized in Table 2. The structures of the
three most populated conformers of peptide A in methanol
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Table 2. Intramolecular hydrogen-bond populations [%].1%!
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Peptide A Peptide B1 Peptide C Peptide D
Donor-acceptor orn—gluyecon orn—gluy,o 1yS 55t 1yS340ex 1yS 306 1yS o5 18T gluygg,,, g, valygg,, valy,,,
NH(1)-0(3) 28 14 7 6 9 6 10 9 9 16 19
NH(2)-0(4) 12 40 2 7 3 4 36 27 24 46 51
NH(3)-0(5) 13 41 2 9 3 4 37 38 26 48 55
NH(4)-0(6) 78 37 10 9 17 7 33 41 2 56 64
NH(5)-0(7) 69 31 10 10 17 7 35 46 34 52 55
NH(1)-O(4) 11 11 8 3 8 7 2 7 9 6 8
NH(4)-0(7) 3 6 2 2 2 1 2 1 3 3 1
NH(1)-0(5) 3 4 3 2 3 2 0 9 6 4 2
NH(2)-0(6) 0 1 2 3 3 1 2 11 7 2 1
NH(3)-0(7) 0 1 3 3 2 6 2 2 0 1 2
NH(2)-0(7) 0 0 4 4 9 3 2 1 1 1 0
NH(5)-0(2) 0 0 7 2 0 1 5 0 7 2 1
NH(6)-0(3) 0 4 5 6 0 3 5 0 7 3 3
NH(7)-0(4) 0 0 4 5 1 3 4 1 4 3 2
NH(7)-O(5) - - 3 2 1 2 2 0 4 3 1
NH(2)-Glu(2) 13 1 - - - - - - - - -
NH(2)~Glu(6) 0 6 - - - - - - - - -
NH(3)~Glu(6) 0 6 - - - - - - - - -
NH(6)-Glu(6) 5 6 - - - - - - - -
Orn(5)—Glu(2) 2 8 - - - - - - - - -
Lys(7)-O(4) - - 8 6 13 8 6 - - - -
Lys(7)-0(5) - - 7 5 9 7 4 - - - -
NH(1)-Glu(1) - - - - - - 15 14 - -
NH(2)-Glu(7) - - - - - - - 0 4 - -
NH(3)-Glu(7) - - - - - - - 7 6 - -
NH(4)-Glu(7) - - - - - - - 3 1 - -
NH(7)-Glu(7) - - - - - - - 9 8 - -

[a] Only hydrogen bonds with a population larger than 3% in at least one of the simulations are reported. The hydrogen bonds are grouped according to
the type of hydrogen bond (backbone-backbone or side chain-backbone hydrogen bonds) and the size of the resulting hydrogen-bonded ring (e.g. a hy-
drogen bond between NH of residue i and C=O of residue (i+2) results in a 14-membered hydrogen-bonded ring). The hydrogen-bond donor NH(7)
corresponds to the C-terminal amide groups in the peptides B1-D. Side chain hydrogen bond donors or acceptors are indicated by the amino-acid resi-

due names.

and water are displayed in Figure 3, together with the occur-
rence of their most dominant hydrogen bonds. The number
of distinct conformers (N..,) is quite low in both solvents
(Table 3). The most populated conformer (75 %) of peptide
A in methanol corresponds to a partly unfolded 3,-helix,
while the complete 3,,-helix is only populated to the extent
of 14 %, representing the second most populated conformer
in the simulation. In water the situation is reversed, with the
3,4-helix being populated for 49 %, while only 20% of the
sampled structures represent a partly unfolded 3,,-helix
(Figure 3 and Table 3). This is in line with the results from
the time evolution of the rmsd from the NMR model struc-
ture and the hydrogen-bond analysis presented above. Most
lowly populated conformers correspond to randomly col-
lapsed structures, as for instance the structure representing
the third most populated conformer in methanol or water.
The average lifetimes of the conformers in methanol are
generally longer than in water, in particular the 3,-helical
conformation, which corresponds to cluster 2 in methanol
and to cluster 1 in water, has a longer lifetime in methanol
than in water (Tables3 and 4). Even more pronounced is
the difference in lifetimes of the partly unfolded 3,,-helix in
the two solvent environments. In methanol, it is stable for
an average of more than 10 ns, while the average lifetime in
water is about 450 ps. In a similar way, the average folding
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time to the 3,,-helical conformation is much longer in meth-
anol than in water (Table 4).

Figure 4 shows the distance between the ornithine and
glutamic acid side chains as a function of time in methanol
(a) and in water (b), together with the distance of the orni-
thine side chain of residue 5 and the C-terminus in both sol-
vents (c). Only the distances between the charged side
chains in an ii+3 disposition are shown (Glu(2)—Orn(5)
and Orn(3)—Glu(6)), since the interactions between these
side chains are more sensitive to helix formation than the in-
teractions between the side chains in i,i+1 positions. The
distance between the latter pairs appears to be rather invari-
ant with time. In methanol, the side chains of Orn(2) and
Glu(5) approach each other within the first 5 ns of simula-
tion but separate again before the second salt bridge be-
tween Orn(3) and Glu(6) is formed, which remains stable
for the rest of the simulation. Only after more than 150 ns
the salt bridge between Glu(2) and Orn(5) is reestablished
along with the formation of the two central hydrogen bonds,
NH(2)—0(4) and NH(3)—O(5), completing the folding into
the experimentally observed 3,,-helix (compare Figure 4a
with Figure 2a). A closer inspection of the transition from a
partially unfolded to the fully folded 3,,-helix in methanol
reveals that the formation of the central hydrogen bonds
precedes the formation of the salt bridge between Glu(2)

— 7279
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Figure 3. Three most populated conformers (central structures of the three most populated clusters using a backbone (residues 2-6) atom-positional
root-meansquare difference (rmsd) similarity criterion of 0.1 nm) of peptide A observed in the simulations in methanol (orn—gluy,.on) and in water (orn-
gluy,o) at 298 K are shown (C=yellow, H=white, N=blue, O=red). For each conformer, its corresponding population and the occurrence of the most
dominating hydrogen bonds are indicated. For nomenclature see caption of Table 2.

and Orn(5). This suggests that the salt bridges stabilize the
overall structure of the peptide rather than being the driving
force of folding to this structure. In water, both salt bridges
are readily formed and disrupted upon (un)folding. Again
the salt bridge between Orn(3) and Glu(6) is present more
often than the one between Glu(2) and Orn(5), which is in
agreement with the observation that the helix unfolds at the
N-terminus in the second half of the simulation.

In addition to the formation of salt bridges between the
charged side chains, backbone-side chain interactions are
observed. In methanol the glutamic acid side chain of resi-
due 2 (-COO") forms a hydrogen bond with the NH group
of the same residue with a population of 13% (Table 2) and
the ornithine side chain of residue 5 (-NHJ) is observed to
interact with the C-terminus of the peptide (-COO™) for
about 75% of the simulation time (see Figure 4c) through a
salt-bridge-like interaction. In water, the glutamic acid side
chain of residue 6 is observed to form hydrogen bonds with
the NH groups of residues 2, 3, and 6 all populated for 6 %

7280 ——

www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(Table 2); the Orn(5) hydrogen binds to the side chain of
Glu(2) for about 8% of the simulation time. However, no
persisting salt-bridge-like interaction between charged side
chains and the peptide backbone is observed in water. It ap-
pears that these side chain-backbone interactions stabilize
conformations other than the 3,,-helix. The effect is more
pronounced in methanol (Figure 4c), a solvent with a much
lower dielectric permittivity than water, where there is less
competition between solute-solvent and solute-solute hy-
drogen bonding. This results in quite stable intermediate
structures such as the partly unfolded 3,,-helix and might be
the reason why the average lifetimes of the conformers are
longer in methanol than in water.

We also compare the experimentally measured NOE in-
tensities for peptide A, which were converted to NOE dis-
tances, and J values®™ with the values calculated from the
structures in the simulations in methanol and water. From
the total of 80 NOE distances in methanol and 64 in water,
only the interresidue distances (29 and 21, respectively)

Chem. Eur. J. 2005, 11, 7276-7293
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cording the times at which the conformer was left and accessed again. If a conformer was left and accessed within 20 ps the sampling of the conformer was considered to be continuous. For further details

see methods section and ref. [85].
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were considered. The results are presented in the Support-
ing Information to this article. The simulation in methanol
violates 14 out of the 29 interresidue NOE distances, which
is certainly due to the fact that in methanol the peptide
adopts for 75% of the simulation time a partly folded 3,,-
helical conformation lacking the central hydrogen bonds,
NH(2)—0O(4) and NH(3)—O(5), that is, there is insufficient
sampling. The positive violations are on average smaller
when one considers only structures belonging to the second
most populated cluster, which represents the 3,,-helical con-
formation. In order to better fulfil the NOE upper-bound
distances in methanol the 3;,-helical conformation should be
weighted more, as it is the case in the simulation in water,
where the 3,,-helix is populated to the extent of 49% and
only five inter-residue NOE distances are weakly violated.
The calculated */-coupling constants show an absolute aver-
age deviation of 0.4 Hz, both in methanol and in water.
Using a conservative estimate of 0.7 Hz for the uncertainty
when the °/ coupling constants are calculated by using the
Karplus equation [Eq.(1)] (see Methods Section),”**! the
measured *J-coupling constants are reproduced in both sim-
ulations.

Peptides B—Lysine side chains compete with backbone-
backbone hydrogen bonding: Peptide B1 (sequence: H-{3-
HLys-3-HPhe-B-HLeu-p-HMet-3-HPhe-B-HLeu-f-HLys-
NH,) has been simulated starting from a fully extended con-
formation at room temperature (298 K) without and with
the addition of neutralizing counterions (simulations lys,,,,
and lysy, ) and at elevated temperature (340 K) (simula-
tion lys,,,,,). In addition, two simulations at room tempera-
ture starting from a canonical 3,,-helix without and with the
addition of counterions (simulations lys,,,,, and lys},,) were
performed in order to test the stability of the 3,,-helix. The
hydrogen-bond analysis indicates, first of all, that none of
the simulations of peptide B1 shows sizeable intramolecular
hydrogen bonding except for simulation lysy, (Table 2).
Second, in most simulations of peptide B1 not only hydro-
gen bonds characteristic of a left-handed 3,,-helix (NH(i)-O-
(i+2)), but also 12-membered hydrogen bonded rings
(NH()-O(i—3)) characteristic of a right-handed 2.5,,-helix
are observed. The rmsd from a 3,,-helix and from a 2.5,-
helix are shown in Figure 5, together with the most domi-
nant backbone-backbone and side chain—-backbone hydro-
gen bonds as a function of simulation time. The results of
the conformational clustering analysis are listed in Table 3
and the structures of the three most dominant conformers
of each simulation are displayed in Figures 6 and 7. The
thermodynamic and kinetic folding properties of the helical
conformations observed in the simulations (3;, and 2.5,-
helix) are presented in Table 4.

At 298 K (Figure 5a) peptide B1 adopts, within the first
25 ns, a 2.5;,-helix and folds only after 110 ns into a 3,,-heli-
cal conformation, which unfolds again after less than 5 ns.
The 2.5,,-helix reappears towards the end of the simulation.
Consequently, the average folding time to the 3,,-helix is
longer than the (re)folding time to the 2.5,-helical confor-
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Table 4. Thermodynamic and kinetic properties of the two helical conformations, the left-handed 3,,-helix and

the right-handed 2.5,,-helix, observed in the simulations.!

Conformational analysis: left-handed 3,,-helix

2.5,-helical conformations
occurs much faster (Figure Sb
and Table2). The 3;-helix,

Peptide  Simulation Conf?mer Popliiation T Nunflbg of f("l“lléne> ?f (Nufmber of which corresponds to the most

raniing %] [ps] ev;t;rtl(% 03141.1111%112 Corili(s)irg: grs> populated conformer (11%) in

3,,-helix during the simulation lys,,,,,, is sam-

(re)folding pled more often than at room

A orn—gluyeon 2 14 4468 6 14385 5 temperature and is on average

orn—glu,o 1 49 3058 16 1158 5 more stable than the 2.5,,-helix,

which represents the eighth

Bl YSagpe 8 2 1557 3 25329 % most populated conformer in

1¥S 11000 1 11 599 39 5692 70 ) -

Iyshe,., 5 1170 5 7312 13 the simulation (2% populated).

1yS05 3 8 7650 - - - The average folding times to

1yS3og 1 46 4596 23 6631 22 the 3,,-helix and to the 2.5,-

c olu,, . 1 0 2013 b 10503 " helix at 340 K are both in the
gluge.,, 1 28 4116 7 10144 33 order of 5.5 ns.

The presence of neutralizing

D valyg,., 1 54 3679 22 2659 12 counterions in  simulation

Valsien ! o4 2430 40 1110 10 lys g, Seems to have no signifi-

Conformational analysis: right-handed 2.5,,-helix cant effect on the folding be-

Peptide  Simulation Conf;rmer Popli}ation T Nurrflbfg of f(”lll(;ne) of (Nufmber of havior of peptide B1 (Fig-

kg e el e e 5o except that o 2.5,-hel-

2.5,,-helix during cal conformations are sampled.

(re)folding Whether this is due to the

Bl 19S5, 4 5 453 17 11568 34 counterions or simply an issue

1YSs40000 8 2 186 28 5481 67 of undersampling is questiona-

lyssog 4 3 447 18 9968 29 ble, especially when considering

c olut, 4 6 415 14 5002 16 the fact that in the simulatif)n

starting from a 3;,-helix with

D valy, ., 5 3 493 8 25598 26 counterions the peptide refolds

valyg, 8 1 310 3 2387 46 several times to a 2.5,-helix

[a] The 2.5,,-helix was not observed in the simulations orn-gluyon, 0rn—gluy o, 1yS,e,.» 1yS0g, and gl For
every simulation, the ranking with regard to population of the helical conformation, its population, average
lifetime 7 and number of (re)folding events is indicated together with the average time of (re)folding to the
helix and the average number of conformations visited during a (re)folding process. The average lifetime and
the number of (re)folding processes were calculated by recording the times at which the conformer was left
and accessed again. If a conformer was left and accessed within 20 ps the sampling of the conformer was con-
sidered to be continuous. Only a subset of folding events involving more than one intermediate conformer was
considered when calculating the average time of (re)folding and the average number of conformers visited

during the (re)folding process. Averaging is denoted by (...).

mation (Table 4). Again, the central hydrogen-bonds charac-
teristic of the 3,,-helix, NH(2)—O(4) and NH(3)—O(5), are
much less populated than the terminal ones, similar to the
situation of peptide A in methanol. It appears that the
lysine side chains compete with the backbone NH groups as
hydrogen-bond donors, forming hydrogen bonds with the
carbonyl oxygen atoms of residue 4 and 5, populated at 8
and 7% (Table 2). Consequently, the most populated con-
former (9% of total population) corresponds to a partially
folded 3,,-helix (Figure 6), while the second and third most
populated conformers (7 and 6% populated, respectively)
show no regular structure. The 2.5,,-helix appears to be the
fourth most populated conformer (5% populated, Table 2)
and the complete 3,,-helix represents the eighth most popu-
lated conformer with a population of 2%.

The simulation lys,,,,, at elevated temperature shows a
similar picture, but the interconversion between 3.,- and
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(Figure 5e). In the simulations
starting from a canonical 3,-
helix the replacement of metha-
nol molecules with the largest
Coulomb potential by counter-
ions has a significant stabilizing
effect. While in the simulation
lys,os,» Where no counterions
are present, the helix unfolds
within the first 5 ns (Figure 5d), in simulation lys},, where
neutralizing counterions were added, the helix is stable for
more than 70 ns. Once completely unfolded (i.e., to a struc-
ture with no 14-membered hydrogen-bonded rings), the re-
folding process to the 3,,-helix takes as long as in the simu-
lations starting from an extended structure (more than
120 ns). Again, side chain-backbone interaction between
the lysine side chains, Lys(7) in particular, and the carbonyl
oxygen atoms of residue 4 and 5 as well as the formation of
12-membered hydrogen-bonded rings can be observed
(Table 2 and Figure 8). However, in contrast to all other
simulations of peptide B1, the 3,,-helix is stable and shows
an average lifetime of 4.6 ns, comparable to the lifetime of
4.5 ns of the 3,,-helical conformation of peptide A in metha-
nol (Table 3).

The conformational preference of peptide B2 (C-terminal
carboxylic acid group) in methanol has been studied by
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distance [nm]

reproduced by all five simula-
tions. The calculated values
show an average absolute devi-
ation between 0.6 and 1.0 Hz
(see Supporting Information),
where the simulations lys,y, .,

distance [nm]

and lys},,, satisfy the experi-
mental 3/ coupling constants
overall better than the other
three  simulations  (lysy,,.,»
183050 and lysg,). It appears
that in all five simulations the

distance [nm]

*J(NH,CgH) coupling constants
are better fulfilled than the
*J(CgH,C H) coupling values.

In summary, we found that a
very large number of different
conformers of generally rather

0 1 1 1
0 20 40 60 80 100 120

t[ns]

Figure 4. Salt-bridge formation and side chain-backbone interactions: The distances between the centers of ge-
ometry of side chain charge groups of Glu(2) and Orn(5) (black) and Orn(3) and Glu(6) (red) of peptide A
are displayed as a function of time for the simulation in a) methanol and b) water. The formation of salt
bridges between these side chains is considered to favor the 3,,-helical conformation. c) The distance between

low populations is observed.
Consequently no conformer ap-
pears to be dominant in all but
the simulation lys},,, of peptide
B1. Although two well-defined
helical conformations, a left-

160 180 200

the ammonium group of the ornithine side chain of residue 5 and the C-terminus (-COO") is displayed for the

simulation in methanol (green) and in water (blue).

NMR experiments (see Supporting Information) and the re-
sulting NOE distances and measured */ values were used to
compare with the values calculated from the simulations of
peptide B1 (C-terminal amide group). From the total
number of 84 NOE distances inferred from experiment only
18 NOE distances correspond to interresidue distances.
Only a few long-range (in sequence number) NOE distances
are observed. In particular, neither long-range NOE signals
between backbone amine groups (NH) nor NOE signals
characteristic of a stable 3,,-helical conformation could be
detected. This makes it impossible to derive a dominant
structure for peptide B2 from these data. On the other
hand, the experimentally measured °J coupling constants in-
dicate that the torsional dihedral angle C(O)-N-C;y-C,, pref-
erentially adopts a anticlinal ((—)-ac) conformation (—120°),
while the torsional dihedral angle N-C;-C,-C(O) appears to
adopt a gauche(+) conformation (60°, (4)-sc), which corre-
spond to the dihedral angle conformation in 3,,-helices. The
comparison of the experimental NOE distances inferred
from experiment and the measured °J values of peptide B2
with the values calculated from each of the five simulation
trajectories of peptide Bl shows an overall satisfactory
agreement (see Supporting Information for detailed results):
Almost all sequential NOE distances are fulfilled in all five
simulations, while all six long-range NOE bounds are violat-
ed in the simulations where the 3,-helix is only weakly
populated (simulations 1ySy, » 1¥S30000 1S @04 1ySyog.)-
In the simulation lys),,, where the 3;,-helix is populated for
46% (Table 2), all long-range NOE bounds are fulfilled.
The experimentally measured */ coupling constants are well

Chem. Eur. J. 2005, 11, 7276-7293

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

handed 3,,-helix and a 2.5,-

helix, are observed, they both

show relatively short lifetimes
and low populations and thus are not very stable, unless sta-
bilized by counterions as the 3,,-helix in simulation lysj,.
Second, the time required to fold from a fully extended con-
formation to the 3;,-helix is in the order of 100 to 150 ns,
comparable to the folding time observed for peptide A in
methanol. The average folding times are relatively long and
less folding—unfolding events are observed compared with
peptides containing only aliphatic side chains (Table 2).!
This slow folding behavior is probably due to the lysine side
chain-backbone interactions (Figure 8), which are in direct
competition with the central backbone-backbone hydrogen
bonds NH(2)—0O(4) and NH(3)—O(5), which are crucial in
the stabilization of the 3,,-helix. Due to the relatively low
dielectric permittivity of the methanol model used ([€]yeon
= 17.7),/Y the positively charged lysine side chains might
not be optimally solvated and may tend to repel each other
whenever they come close, which probably destabilizes the
helix if no counterions are in the vicinity of the lysine side
chains to interact with.

Peptide C—The effect of negatively charged side chains:
Replacing the lysine side chains in peptide B1 by glutamic
acid side chains offers the possibility to investigate the
effect of negatively charged side chains. As all B*-peptides
(all side chains in the p-position of the amino acids) general-
ly form 3,,-helices %% the resulting peptide C (se-
quence: H-B-HGlu-p3-HPhe-B-HLeu-B-HMet-f3-HPhe-f3-
HLeu-p-HGIlu-NH,, Figure 1), is expected to form a 3,
helix. The hitherto not synthesized peptide C was simulated
at 298 K, starting from a fully extended conformation with-
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Figure 5. Backbone atom-positional rmsd with respect to a 3,,-helical conformation (black) and a 2.5,,-helix
(red), the two main helical conformations observed in the simulations of peptide B1, along with the evolution
of the most populated backbone-backbone and side chain-backbone hydrogen bonds. Black: NH(i)—O(i+2)
hydrogen bonds characteristic of 3,,-helices displayed from top to bottom: NH(1)—O(3), NH(2)—O(4),
NH(3)—0(5), NH(4)—O(6) and NH(5)—O(7). Red: NH(i))—O(i—3) hydrogen bonds characteristic of 2.5,,-heli-
ces displayed from top to bottom: NH(5)—0O(2), NH(6)—O(3), NH(7)—0O(4) and NHC(7)—O(5). NH, corre-
sponds to the C-terminal amide group. Green: Side chain—backbone hydrogen bonds between the lysine side
chain in position 7 and the carbonyl oxygen atoms of residues 4 and 5 are displayed from top to bottom.
a) simulation lys,,,; b) simulation lys,,,,; ¢) simulation lysy,; d) simulation lys,,; €) simulation lys},, .

(gluf,,)- Note that this is the
reverse of the situation ob-
served for peptide B1. There,
the simulation without counter-
ions (lys,y,,) showed a higher
2.5,,-helical propensity than the
simulation with ions (lysjg,.)-
Comparing the rmsd from a 3,
helix and a 2.5,,-helix of the
two trajectories with the time
evolution of the most dominant
hydrogen bonds shows that in
simulation glu,,,, (Figure 9a)
the peptide forms a 3,,-helix at
around 70 ns, quickly unfolds
after 5 ns of simulation and re-
folds again to a stable 3,,-helix
shortly after 100 ns. No forma-
tion of 2.5,,-helices is observed.
In simulation gluj,,, (Fig-
ure 9b), however, the peptide is
observed to first fold and refold
to a 2.5,,-helix and then after
70 ns to adopt a 3,,-helix, which
remains stable for the rest of
the simulation. Consequently,
the 3y,-helical conformation
represents in both cases the
most dominant conformer,
while the second and third most
populated conformers corre-
spond to randomly collapsed
structures with one 14-mem-
bered hydrogen bonded ring or
partially  folded  3;,-helices
(Figure 10). In contrast to the
simulations of peptide B1 that
did not start from a 3,,-helical
structure, the 3,,-helical confor-
mation is much more populated
and shows on average a longer
lifetime (Table 4). Side chain-
backbone interactions such as
hydrogen bonds are observed
to some extent between the glu-
tamic-acid side chains and the
NH groups of the peptide back-
bone (Table 2). The folding be-
havior and the structural prefer-
ence of peptide C appears to be
rather independent of the pres-

out and with the addition of neutralizing counterions (simu- ence of neutralizing counterions.

lations glu,,, and gluf, ). The hydrogen-bond analysis

over the two trajectories presented in Table 2 shows that Peptide D—Peptide folding is a faster process without
mostly 14-membered hydrogen-bonded rings are formed. charged side chains: If the presence of charged side chains
Hydrogen bonds characteristic of the 2.5,,-helix are only no- would slow down the folding kinetics of a B-peptide, the re-
ticeably populated in the simulation with counterions placement of charged side chains by aliphatic ones should
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cluster 2: 7 %
NH(1)-O(4) 25%
NH(1)-O(5) 29 %
NH(2)-O(T) 17 %

cluster 1: 9%
NH(1)-0(3) 29%
NH(4)-0(8) 70 %
NH(5)-0O(7) 69%

1¥S 34004t

!
cluster 1: cluster 2: 3%
NH(2)-O( NH(1)-0(8) 19%
NH(3)-O( NH(2)-0(6) 21 %
NH(4)-O( Lys(1)-0O(3) 20%
NH(5)-O(

. ]
§
s H 7
cluster 1: 17 % cluster 2: 13%
NH(1)-0(3) 30%
NH(1)-0(4) 23 %
NH(4)-0(6) 81 %

NH(5)-0O(7) 83%

Figure 6. Three most populated conformers (central structures of the three most populated clusters using a
backbone (residues 2-6) atom-positional rmsd similarity criterion of 0.1 nm) of peptide B1 observed in the
simulations lys,gg,., 1S540, 1¥S3og.» Where the initial conformation was fully extended, are shown (C=yellow,
H=white, N=blue, O=red, S=orange). For each conformer, its corresponding population and the occur-
rence of the most dominating hydrogen bonds are indicated. For nomenclature see caption of Table 2.

result in faster folding kinetics of the peptide. To test this as-
sumption the charged side chains in peptides B1 and C were
substituted by valine side chains leading to peptide D (se-
quence: H-p-HVal--HPhe-B-HLeu--HMet-f-HPhe-f3-
HLeu-B-HVal-NH,), which has not been synthesized, as yet,
and which was simulated starting from a fully extended con-
formation both at 298 and 340 K (simulations val,,, , and
val,,,,..).- The hydrogen-bond populations (Table 2), the con-
formational clustering analysis (Tables 3 and 4, Figure 12)
and the rmsd values from a canonical 3,,-helix (Figure 11)

Chem. Eur. J. 2005, 11, 7276-7293
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show that the peptide’s prefer-
red conformation is a 3,-helix,
which forms within the first
20 ns in both simulations. Com-
pared to the simulations with
charged side chains, the popula-
tion of the 3,,-helix is much
larger and the average folding
times taken to reach the 3,
helix are shorter (Table 4). At
both temperatures, 2.5;,-helices
are sampled as well, but at
much lower population repre-
senting cluster 5 at 298 K and
cluster 8 at 340 K. The fact that
at 340 K the 3,,-helix is 10%
more populated than at room
temperature does not necessari-
ly mean that the helix is more
stable at 340 than at 298 K. It is
probably due to the fact that at
lower temperature the intercon-
version between different con-
formers is slower. This makes

cluster 3: 6 %
Lys(7)-0(4) 26%
Lys(7)-O(5) 26 %

cluster 3: 3% .
NH(1)-0(3) 25 % convergence of the folding—un-
NH(1)}-0(4) 19 % folding equilibrium distribution
NH(4)-0(6) 56 % .
NH(5)-0(7) 63 % SlOWer: at 298 K Only 22 foldlng

events are observed, whereas at
340 K this number is 40
(Table 4). In the limit of infinite
sampling the simulation at
298 K is expected to show a

\ g‘ larger population of the 3,-
-‘;f;:r/p‘i{ helix than the simulation at
{ ! 340 K.
7L
p o
cluster 3: 9% Discussion

NH(2)-0(7) 45%
NH(7)-0(3) 45 %
i A PB-peptide with charged side

chains such as those of lysine,
ornithine or glutamic acid con-
stitutes a more complex folding
problem than a B-peptide with
only aliphatic  substituents.
While in the latter case only
backbone hydrogen-bond
donors and acceptors are present, in a peptide with charged
(or polar) side chains, as has been investigated here, the side
chains, too, can act as hydrogen-bond donors (lysine and or-
nithine) or acceptors (glutamic acid). Consequently, the side
chain donors or acceptors compete with the backbone hy-
drogen-bond donor and acceptor atoms, as was observed for
peptide B1 bearing two lysine side chains. Furthermore
charged side chains also show salt-bridge interactions among
themselves, as well as with the backbone, in particular with
the termini. These interactions, side chain-backbone hydro-
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cluster 1: 48 %
NH(1}0(3) 20%
NH(2)-0(4) 84 %
NH(3)-O(5) 88%
NH(4)-0(6) 82%
NH(5)-O(7) 73 %

cluster 2: 5%
NH(1)}-0(3) 19%
NH(1)}-0(4) 37 %
NH(4)-0(6) 78 %
NH(5)-0(7) 81%

Figure 7. Three most populated conformers (central structures of the three most populated clusters using a
backbone (residues 2-6) atom-positional rmsd similarity criterion of 0.1 nm) of peptide B1 observed in the
simulations lys,,, and lys),,, where the initial conformation was a canonical 3,,-helix, are shown (C=yellow,
H=white, N=blue, O=red, S=orange). For each conformer, its corresponding population and the occur-

rence of the most dominating hydrogen.

gen bonding and salt bridges, can lead to rather stable fold-
ing intermediates, which on average results in longer folding
times to the “native” conformation than for B-peptides with
exclusively aliphatic side chains (Table 4). In the case of
peptide A in methanol a partly folded 3;,-helical conforma-
tion is stabilized by a salt-bridge interaction between the or-
nithine side chain of residue 5 and the C-terminus. In the
simulations of peptide B1 the NHJ group of the lysine at
position 7 forms hydrogen bonds or interacts in a salt-
bridge-like manner with the carbonyl oxygens of residues 4
and 5 competing with the backbone-backbone hydrogen
bonds NH(2)—0O(4) and NH(3)—O(5) crucial for the forma-
tion of a complete 3,-helix. Similarly, glutamic acid side
chains in peptide C form hydrogen bonds to the NH groups
of the backbone, which might contribute to the observed
slowdown of the folding process to the 3,,-helix. Once the
3,,-helix is formed, its lifetime is, on average, longer than
observed for fB-peptides with only aliphatic side chains
(Tables 4 and 1 in reference [42]). However, this does not
apply to most simulations performed for peptide B1, where
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the 3,-helix appears to be
rather unstable, probably due
to the repulsion between the
positively charged lysine side
chains in the absence of coun-
terions (see below for a discus-
sion of the effect of counter-
ions). In the case of peptide A,
the 3,,-helix is stabilized by
salt-bridge interactions between
the ornithine and glutamic-acid
side chains at a i,i+3 position
in analogy to salt-bridge inter-
actions in o-helices of a-pep-
tides.['*1¢)

cluster 3: 8%
NH(1)-0(3) 24 %
NH(2)}-0(4) 87 %
NH(3)-0(5) 85%
NH(4)-0(6) 57 %
NH(5)}-0(7) 61% Side

chain-backbone and
side chain-side chain hydrogen
bonds are also observed in a-
peptides and proteins and have
been analyzed in databases of

\}_hl: L well refined crystallographic
ilu ".‘5}4 + protein structures.* Bordo
s and Argos'® report that more

than 95% of the observed

intra-helix side chain-backbone
hydrogen bonds show backward
interactions, that is, hydrogen
bonds between the side chain at
position i and the carbonyl
oxygen at position i—4 or i—5,
and are localized mostly at the
C-termini of the helices. A simi-
lar behavior of the lysine side
chains at the C-terminus of (-
peptide B1 is observed in our
simulations. Negatively charged
residues at or close to the N-
terminus (“N-cap”) allowing for a favorable interaction with
the macrodipole of the a-helix!”7" also participate in hydro-
gen bonding with backbone groups.'*?*" These side chain—
backbone interactions in a-peptides or proteins stabilize the
native fold, in this case the a-helical conformation, but pos-
sibly also intermediate structures during the folding process.
The effect of these side chain—-backbone interactions is ex-
pected to be more pronounced in methanol than in aqueous
solution, since water is a much stronger competitor for hy-
drogen bonding than methanol, and, thus polar side chains
are better solvated in water. Consequently, in the case of [3-
peptide A in water the average folding time to the 3,,-helix
and its average lifetime are shorter than in methanol
(Table 4). Furthermore, the side chain-backbone interactions
observed in methanol might be overestimated compared to
the real situation, as the simple rigid, non-polarizable meth-
anol model used in the simulation underestimates the di-
electric permittivity by roughly 40-50 % as do all the avail-
able non-polarizable methanol models due to the neglect of
the electronic polarizability,’®” while the water model used

cluster 3: 3%
NH(2)-0(7) 30%
Lys(7)-0(4) 39 %
Lys(7)-0(5) 20%
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Figure 8. Side chain-backbone interactions between the -NH;* group of the B-lysine residue 7 and the carbonyl groups of residues 4 (left panels) and 5
(right panels) in peptide B1. The distances between the centers of geometry of the corresponding GROMOS charge groups are displayed from top to
bottom for the simulations 1ySyg,.» 1YS31000 1YSaoserss [YSa0s @0 1ySae,, peptide B1.

underestimates the dielectric permittivity by only 5%. The
poor ability of the solvent methanol to solubilize charged
side chains well enough might have an effect on the instabil-
ity of the 3,,-helix observed in most of the simulations of
peptide B1, as the strong electrostatic interaction between
the lysine side chains might disrupt the helical conformation.
Yet, this destabilizing effect is not observed when the -ho-
molysine residues are exchanged for f-homoglutamic acid
residues. The most dominant conformer of peptide C corre-
sponds to the 3;,-helix (Table 4 and Figures 9 and 10) with
an average lifetime between 4 and 7 ns, irrespective of the
presence of neutralizing counterions.

Intuitively, the destabilizing effect of charged side chains
as observed for peptide B1 is expected to be reduced by the
addition of counterions, as was done in simulations lysj,,,
lysjie, and gluj., . While in simulation lys;,,, starting from
the 3,4-helical conformation this is clearly the case (compare
Figure 5d and e), no significant change in stability of the 3,,-
helix for peptides B1 and C can be observed in the simula-
tion starting from an extended conformation (Figure 5a and
c; Figure 9). As the ions diffuse during the simulation, they
are not necessarily always in proximity of the lysine side
chains as an analysis of the ion-peptide contacts shows (see
Supporting Information for details). Once they move out of
the cutoff radius centered around the NHj group of the
lysine side chains, the ions and the NHJ groups do not “see”
each other and the ion has no direct effect on the stabiliza-
tion of the peptide conformation anymore. However, there
seems to be no clear correlation between the ion—peptide
distances and the stability of the 3,,-helical conformation.
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Clearly, the effect of counterions on the stability or, rather,
the conformational distribution of peptides and proteins in
simulation is difficult to rationalize from the simulations
presented here. It deserves more systematic investigation,
for example, as in the studies undertaken by Ibragimova
and Wade”" and Drabik et al.[™

The fact that charged side chains slow down the kinetics
of peptide folding, that is, lengthen the average folding time,
has consequences for computational folding studies at the
atomistic level. The slower kinetics implies that at a given
temperature and within a given simulation time less folding—
unfolding events are sampled which implies a slower estab-
lishment of conformational equilibrium than in the case of a
peptide with exclusively aliphatic residues. Despite their rel-
atively long simulation times, the simulations presented here
show a variable degree of convergence.

Peptide B1 and analogues C and D adopt right-handed
2.5,,-helical conformations in the simulations. However, the
populations of the 2.5;,-helix are very low and its average
lifetime is short, which implies that no detailed conclusions
can be drawn about its folding behavior. From the simula-
tions presented here, the 2.5,,-helix appears to be certainly
less stable than the 3,,-helical conformation. Experimentally,
the occurrence of 2.5,-helices has only been observed with
B-peptides containing mainly frans-2-aminocyclopentanecar-
boxylic acid (trans-ACPC) residues.”*”"! Cyclopentane f-
amino acid derivatives show a rather high rotational flexibil-
ity around the C;—C, bond within the conformationally al-
lowed region between minimally 85 and maximally 145°
(“pseudorotation” of cyclopentane rings).”Y! However, they
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Figure 9. Backbone atom-positional rmsd with respect to a 3,-helical conformation (black) and a 2.5,,-helix (red), the two main helical conformations
observed in the simulations a) glu,,,, and b) gluk, = of peptide C, along with the evolution of the most populated backbone-backbone and side chain—

backbone hydrogen bonds. Black: NH(7))—O(i+2) hydrogen bonds characteristic
helices; Green: Side chain-backbone hydrogen bonds between the glutamic aci

of 3,,-helices. Red: NH(i)—O(i—3) hydrogen bonds characteristic of 2.5,,-
d side chains and the NH groups, displayed from top to bottom: NH(1)—

Glu(1), NH(2)—Glu(7), NH(3)—Glu(7), NH(4)—Glu(7), NH(7)—Glu(7). For more information see captions of Figure 5 and Table 2.

can never adopt the two extreme values of 60° ((+)-syncli-
nal, (4+)-sc) and 180° (antiperiplanar, ap) as in open-chain
or cyclohexane derivatives (Figure 13). Thus, B-peptides
built from trans-ACPC residues cannot adopt a 3,,-helix or a
12/10-helix ((4)-sc), where the dihedral angle -NH-Cy-C,-
CO- is about 60°. In 2.5,,-helices the values for this dihedral
angle are larger than 60° and can vary between 87 and 155°
as in the crystal structure of a [-octapeptide consisting of
trans-2-aminocyclopentanecarboxylic acid residues (trans-
ACPC)%" or between 70 and 135° as in the 2.5,,-helical
structures observed in our simulations (see Figure 13). In
contrast to the cyclopentane derivatives the rotational barri-
er between the synclinal and antiperiplanar conformations
in open-chain and cyclohexane (-amino acid moieties is
much higher. The NH-C-C-CO dihedral angle in the simula-
tion of 3,,-helices is close to +60°.4 Ab initio calculations
in vacuo of p-peptide models suggest that a right-handed
2.5,,-helix of B-peptides, built of (S)--amino acids is equally
favorable as a left-handed 3,,-helix.”®” While the 3,,-helix
is thought to be most favored in terms of torsional interac-
tions, the 2.5,,-helix is suggested to benefit most from inter-
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residue electrostatic interactions.”” According to a recent
MD simulation study of a hydroxylated peptide, the 2.5,-
helix is the most stable conformer.*"!

Conclusion

The conformational and dynamic behavior of the four differ-
ent B-peptides A-D in methanol and water (Figure 1) has
been analyzed by molecular dynamics simulation in order to
study the influence of charged side chains on the folding—
unfolding equilibrium. All four peptides are expected to
adopt a left-handed 3,,-helical conformation in solution. Ac-
cording to our simulations, the presence of charged side
chains leads to relatively stable intermediate conformations
in methanol, due to side chain-backbone interactions such
as hydrogen bonds or salt bridges, which are competing with
the backbone-backbone hydrogen bonds. Similar interac-
tions are observed experimentally in a-peptides and pro-
teins, where they stabilize the N- and C-caps of a-helices.
Consequently, the presence of charged side chains in 3-pep-
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15 % cluster 3: 8 %
29 % NH(1)-0(3) 26 %
37 % NH(4)-O(6) 82 %
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12 % cluster 3: 6 %
33 % NH(1)-O(3) 25%
38 % NH(1)-O(4) 28 %
58 % NH(4)-O(6) 43 %
62 % NH(5)-O(7) 46 %

Figure 10. Three most populated conformers (central structures of the three most populated clusters using a backbone (residues 2-6) atom-positional
rmsd similarity criterion of 0.1 nm) of peptide C observed in the simulations in methanol at 298 K without (glu,g,,) and with neutralizing counterions
(glug,.) (C=yellow, H=white, N =blue, O =red). For each conformer, the corresponding population and the occurrence of the most dominating hydro-

gen bonds are indicated. For nomenclature see caption of Table 2.

tides significantly slows down the folding process and,
within a given sampling time, fewer folding events can be
observed compared to the folding of a B-peptide carrying
aliphatic side chains only. Therefore, longer sampling times
are required for convergence and to investigate reversible
peptide folding. This decelerating effect on the folding be-
havior is found to be more pronounced in methanol than in
water, and in the presence of lysine side chains, where the
entropic loss of the side chains upon folding might have an
influence.># Salt bridges between side chains (peptide A)
are observed to stabilize the “native” fold, but do not
appear to be a major driving force for folding, that is, also in
that case relatively long average folding times are observed
in methanol.

Furthermore, we note that p-peptides bearing only (S)-
substituents on the fB-carbon preferentially adopt a left-
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handed 3,,-helix in solution, which is in line with many ex-
perimental studies.***>*%3 The occasionally observed right-
handed 2.5,,-helical conformations in the simulations appear
to be rather unstable. The experimental data for peptide A
were largely reproduced in the simulations, although lack of
convergence of the folding—unfolding equilibrium in metha-
nol causes NOE distance-bound violations of 14 out of 29
NOE distances up to 0.29 nm. In water only 5 out of 21
NOE distances are violated with a largest value of 0.17 nm.
The *J(NH,CgH) coupling constants are well reproduced in
the simulations. For peptide B2 (carboxylated C-terminus) it
is not possible to determine a predominant solution struc-
ture from the available NMR data. Nevertheless, we note
that the simulation of peptide B1 (with C-terminal amide
group) with the largest population of the 3,,-helix fulfils the
experimentally inferred NOE upper bound distances and
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Figure 11. Backbone atom-positional rmsd with respect to a 3,-helical conformation (black) and a 2.5,,-helix (red), the two main helical conformations
observed in the simulations a) val,, , and b) val,,,,, of peptide D, along with the evolution of the most populated backbone-backbone hydrogen bonds.
Black: NH(i)—O(i+2) hydrogen bonds characteristic of 3;,-helices; Red: NH(i)—O(i—3) hydrogen bonds characteristic of 2.5,,-helices. For more informa-

tion see caption of Figure 5 and Table 2.

the experimental */ coupling constants better than the four
simulations with a significantly lower population of the 3,,-
helix.

Methods

Computational methods

Molecular model: The p-peptides were modeled using the GROMOS96
biomolecular force field, parameter set 45A3.°%%! Aliphatic CH,, groups
were treated as united atoms, both in the peptides and the solvent. The
protonation states of the acidic and basic groups were inferred from the
procedures of the synthesis and purification of the peptides: The N-ter-
mini and the P-ornithine and f-lysine side chains were protonated,
whereas the C-terminus of peptide A and the B-glutamate side chains
were deprotonated. Methanol and water were modeled as rigid three-
point models using the SPC/L water model® and the standard
GROMOSY96 methanol model,™® respectively.

Simulation setup: All MD simulations presented here were carried out
using the GROMOS96 program.*®”! They are summarized in Table 1.
For the simulations starting from a fully extended peptide conformation
(simulations orn—gluyeon, OMN—glugo, ¥Sy 1YSi00e 1YSisers Sllaggens
gluk, . val,,  and val,,, ) all backbone dihedral angles were set to 180°
and the side chain dihedral angles were randomly taken from the possi-
ble rotamers. The peptide was then solvated in a truncated-octahedron-
shaped box. The size of the box was chosen such that the initial minimum
distance between peptide atoms and the square walls of the truncated oc-
tahedron was 1.4 nm. In the case where the starting structure was a 3;,-
helix (simulations lys,,,,, and lys),,) the peptide was put in a rectangular
box assuring a minimum distance of 1.5 nm to the walls. Periodic boun-
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dary conditions were applied. To obtain the systems lysk, , and lysy,,
three methanol molecules experiencing the largest positive Coulomb po-
tential were replaced by three chlorine ions to neutralize the system.
Similarily, two sodium ions and one chlorine ion were replacing three
methanol molecules to obtain the system gluj, -

After relaxation of the systems using steepest descent energy minimiza-
tion, the MD simulations were started by taking the initial velocities
from Maxwellian distributions at 298 or 340 K for the systems where the
peptides are fully extended and at 50 K for the systems starting from a
left-handed 3,,-helical conformation. Solvent and solute were independ-
ently coupled to a temperature bath with a relaxation time of 0.1 ps.l*¥
The pressure was calculated with a molecular virial and held constant by
weak coupling to a pressure bath with a relaxation time of 0.5 ps and
using an isothermal compressibility of 4.575x10™* (kJmol'nm~)~! and
7.768x107* (kJmol'nm~)"" for the simulations in methanol and water,
respectively. Bond lengths were constrained using the SHAKE algo-
rithm® with a geometric tolerance of 10™*. The equations of motion
were integrated using the leap-frog algorithm and a time step of 2 fs. The
interaction between atoms in so-called charge groups® was calculated
according to a spherical triple-range cutoff scheme: Short-range van der
Waals and electrostatic interactions were evaluated at every time step by
using a charge-group pair list that was generated with a short-range
cutoff radius of 0.8 nm between the centers of geometry of the peptide
charge groups and the oxygen atoms of the methanol or water solvent
molecules. Longer-range van der Waals and electrostatic interactions, be-
tween pairs at a distance longer than 0.8 nm and shorter than a long-
range cutoff of 1.4 nm, were evaluated every fifth time step, at which
point the pair list was also updated, and were kept unchanged between
these updates. To approximate the electrostatic interactions beyond the
long-range cutoff, a Poisson-Boltzmann reaction field force was used.
The value for the dielectric permittivity of the continuum outside the
long-range cutoff was set to 17.7 and 73.5, corresponding to the values
for the dielectric permittivity of the methanol model®! and water
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Figure 12. Three most populated conformers (central structures of the three most populated clusters using a backbone (residues 2-6) atom-positional
rmsd similarity criterion of 0.1 nm) of peptide D observed in the simulations in methanol at 298 K (val,,,,) and 340 K (val,,,) (C=yellow, H=white,
N =blue, O=red). For each conformer, the corresponding population and the occurrence of the most dominating hydrogen bonds are indicated. For no-

menclature see caption of Table 2.

model® employed, respectively. In the simulations starting from a 3,,-
helical conformation (simulations lys,y,, and lys,,) the positions of the
atoms of the peptides were initially restrained using a harmonic restrain-
ing force with a force constant of 10* kJmol 'nm 2 during the first 50 ps
of simulation. During that period of time the temperature was stepwise
increased to 298 K and the restraining force gradually decreased. The
simulations were equilibrated for 1ns and the following 50 to 250 ns
were used for analysis saving configurations every 0.5 ps.

Analysis: Least-squares translational and rotational fitting of atomic co-
ordinates for the calculation of the root-mean-square-differences (rmsd)
was based on the backbone atoms (N, Cy, C,, C) of residues 2 to 6. A
conformational clustering analysis was performed as described by Daura
et al™ on a set of 10* peptide structures taken at 0.01 ns intervals from
the simulation. The backbone atom-positional rmsd was used as similarity
criterion. A maximum cluster radius of 0.1 nm was chosen.l*"*! Hydrogen
bonds were calculated using a geometric criterion. A hydrogen bond is
defined by a minimum donor-hydrogen-acceptor angle of 135° and a
maximum hydrogen-acceptor distance of 0.25 nm. Salt bridges were de-
termined using a distance criterion. Two (GROMOS) charge groups®
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are considered to form a salt bridge, if their centers of geometry are not
more than 0.5 nm apart.

Interproton distances derived from the NOE intensities at 298 K were
compared to the corresponding average effective interproton distances in
the simulations calculated using (r °)""® averaging of the instantaneous
interproton distances r. The experimental NOE intensities have been
classified in three r.y, distance categories: strong (s) with .,y <0.3 nm,
medium (m) with r,,q <0.35 nm, and weak (w) with r.,; <0.45 nm. As in
the GROMOSY96 biomolecular force field the aliphatic hydrogen atoms
are treated within a united atom model, the interproton distances involv-
ing aliphatic hydrogen atoms were calculated by defining virtual (for CH,
and prochiral CH,) and pseudo (for CH; and non-stereospecific CH,)
atomic positions at the time of analysis."® The pseudo-atom NOE dis-
tance bound corrections of reference gromos:96 were used. °J coupling
constants were calculated from the simulation using the Karplus rela-
tion:*’!

*J(H,H) = acos?6 + bcosd + ¢ (1)

where a, b and ¢ were chosen equal to 6.4, —1.4, and 1.9 Hz, respectively,
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Figure 13. Comparison of the backbone dihedral-angle conformation of
a) cyclopentane and open-chain or cyclohexane f-amino acid derivatives
(b, ¢).

for the calculation of *J(NH,CH)®! and equal to 9.5, —1.6, and 1.8 Hz for
the calculation of *J(CH,CH).*”) In the case of peptide B1 an alternative
set of coefficients for the Karplus relation was used in addition (for rea-
sons of comparison) to calculate the */ coupling constants, namely a=6.7,
b=-1.3 and c¢=1.5Hz for *J(NH,CH)"*! and a=9.6, b=—1.0, and c¢=
1.2 Hz for *J(CH,CH).*

For a description of the synthesis, characterization and NMR analysis of
peptide B2, please see the Supporting Information.
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