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ABSTRACT: The relation between the sequence of a
protein and its three-dimensional structure remains largely
unknown. A lasting dream is to elucidate the side-chain-
dependent driving forces that govern the folding process.
Different structural data suggest that aromatic amino acids
play a particular role in the stabilization of protein
structures. To better understand the underlying mecha-
nism, we studied peptides of the sequence EGAAXAASS
(X = Gly, Ile, Tyr, Trp) through comparison of molecular
dynamics (MD) trajectories and NMR residual dipolar
coupling (RDC) measurements. The RDC data for
aromatic substitutions provide evidence for a kink in the
peptide backbone. Analysis of the MD simulations shows
that the formation of internal hydrogen bonds underlying
a helical turn is key to reproduce the experimental RDC
values. The simulations further reveal that the driving force
leading to such helical-turn conformations arises from the
lack of hydration of the peptide chain on either side of the
bulky aromatic side chain, which can potentially act as a
nucleation point initiating the folding process.

he prediction of the structural properties of a protein from

its amino acid sequence remains a major challenge.'™
The detailed mechanism driving the protein folding process is
unknown, and specifically its dependence on amino acid side
chains.* The functional importance of intrinsically disordered
proteins has stimulated investigation of the relation between
their sequence and their conformational tendency.>® In order
to improve predictions about the structure of proteins (folded
or disordered), a better understanding of the mechanisms by
which individual amino acid side chains impact the conforma-
tional dynamics of the protein is required.*”

NMR spectroscopy is particularly appropriate to investigate
the structural dynamics of peptides in disordered and folded
states.® Particularly, residual dipolar couplings (RDCs), which
arise when molecules are dissolved in anisotropic liquid
phases,9 provide local as well as long-range quantitative
structural information on individual chemical bonds.'"*~"* The
RDC between two nuclei is proportional to the ensemble and
time average ((3 cos* @ — 1)/2), where @ is the instantaneous
angle between the internuclear vector and the magnetic field.

In order to investigate the role of individual amino acids on
the conformational propensities of a peptide, Dames et al.'®
engineered a series of 14 peptides of sequence EGAAXAASS.
The hydrophilic ends ensured solubility, while the nonpolar
adjacent residues provided a neutral environment for the
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systematically single-mutated residue X. They recorded 'Dc gy,
and 'Dyy RDCs of these peptides, performing the alignment
measurement with polyacrylamide gels."* Most peptides (with
X=G LV, LN, QT,D,E, or K) produced a relatively flat
pattern consistent with a rather extended average conformation
with little specific local structure. However, the substitutions
with the aromatic amino acids Tyr and Trp resulted in a strong
reduction of the RDCs or even changes in their signs at the
center of the peptide (black lines in Figure S1 in the Supporting
Information (SI)), suggesting the presence of a kink at this
position.

All-atom molecular dynamics (MD) simulations provide the
most detailed description of peptide structural dynamics with
high spatial and temporal resolution. The NMR data can be
used to validate the MD simulation trajectories, which can
potentially reveal the mechanistic specificity of aromatic amino
acids. Here we show through a systematic comparison between
simulated and experimental RDCs that the conformations that
best reproduce the experimental data correspond to dynamical
ensembles of short helices or turns stabilized by backbone
hydrogen bonds. We find that one key driving force that
increases the folding propensity of peptides containing aromatic
residues arises from the lack of hydration of the carbonyl and
amide groups on either side of the bulky hydrophobic side
chain.

We performed MD simulations in explicit solvent to
reproduce previously measured residual dipolar couplings and
chemical shifts of peptides of sequence EGAAXAASS." In
order to produce adequate sampling, we carried out 7—12
replicated simulations per investigated peptide, each lasting 100
ns. We calculated the 'Dcy, and 'Dyy RDCs as well as the
"HN chemical shifts from the coordinates (see Methods in the
SI). Figure S1 compares the 'D¢ypy, and 'Dyy RDCs, averaged
over all of the replicated simulations, and the experimental
values published previously. The predicted RDC patterns of the
peptide with X = Gly or Ile are relatively flat, accurately
reproducing the experimental values, whereas the profiles
obtained for X = Tyr or Trp only partially show the RDC
variations along the peptide sequence that are observed
experimentally. Both the 'Dgyy, and 'Dyy RDCs of the
peptides with X = Tyr and Trp fluctuate a lot between the
replicated simulations as well as within a given simulation,
reflecting the fact that the peptides adopt an ensemble of
conformations.
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We took advantage of these conformational variations to
investigate the relations between structural order parameters
and the RDCs. Time series analysis over 700 ns (seven 100 ns
simulations) showed that the conformations of the X = Trp
peptide that best reproduced the experimental RDC profile are
characterized by a rather compact conformation, as evidenced
by structural parameters such as the radius of gyration and the
number of intramolecular hydrogen bonds (Figures 1 and S2).
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Figure 1. Correlation between different structural parameters and the
root-mean-square deviation (RMSD) with respect to experimental
RDCs with X = Trp. The RMSD is correlated to (A) the radius of
gyration, (B) the formation of intramolecular hydrogen bonds, (C) the
w angle of residues 4 and S, and (D) the pseudodihedral angle formed
by the Car atoms of residues 3—6. Each point represents the average
over one simulation of 100 ns.

We performed a stepwise regression analysis (see Methods) to
identify which hydrogen bonds are statistically relevant. The
analysis showed that the conformations that better reproduce
the experimental RDC profile involve hydrogen bonds typical
of a helix or a turn in the middle of the chain. Precisely, the
structurally relevant atomic pairs involve hydrogen bonds
between backbone carbonyls of Ala3 or Ala4 and amide groups
of residue Ala6, Ala7, or Ser8 (Table S1 in the SI). Analysis of
the backbone dihedral angles showed that residues 4 and 5
mainly occupy conformations around y = 150° or —30°, the
latter corresponding to a turn or an a-helical conformation.
Clustering of the conformations on the basis of the (¢, y)
dihedral angles revealed that about one-third of all simulation
frames contain a short a-helix centered on the X = Trp residue
and form the main cluster (Figure $3). The RDC values of this
cluster reproduce the characteristics of the experimental profile,
as illustrated in Figure S1. The next three clusters account
together for about one-third of all conformations and contain
p-turns, notably of types I and VIII. Reweighting of the
individual conformations to reproduce the RDC and additional
J-coupling data'® while maximizing the entropy (see Methods)
confirmed that the first cluster is the most prominent one
(Figure S4). Only small readjustments of the cluster population
(maximal change per cluster is 4% of the total population) were
necessary to reproduce the experimental data within their
experimental error, suggesting the overall good accuracy of the
MD sampling.

Taken together, these results are consistent with the idea that
the conformations of the X = Trp peptide that best reproduce
the experimental RDC profile correspond to a turn or a short
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helix toward the middle of the chain. An analogous analysis of
the peptide with X = Tyr showed that this substitution also
favors similar conformations, although to a slightly lesser extent
than X = Trp (Table S2 and Figures SS and S6).

We clustered the simulated conformations of the four
peptides according to their numbers of intramolecular back-
bone hydrogen bonds. The left panels of Figure 2 show that the
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Figure 2. The RDC pattern depends on intramolecular backbone
hydrogen bonds. The left panels show for the different peptides the
experimental 'Dcyq, RDCs (black) and the predicted RDCs for
clusters of conformations containing different numbers of backbone
hydrogen bonds: 0 (orange), 1 (yellow), 2 (green), 3 (blue). On the
right is shown the conformational probability distribution for each
peptide as a function of the number of backbone hydrogen bonds
(averaged over intervals of 1 ns).

number of hydrogen bonds determines the peptide’s RDC
profile. Although the averaged values obtained for the peptides
with X = Gly or Ile produce rather flat RDC profiles,
corresponding to extended peptides with little local structural
preference, the conformations that have two or three hydrogen
bonds reproduce the distinct dips in the center of the 'D¢yy,
and 'Dyy; RDC patterns. On the other hand, the conformations
of peptides with X = Tyr or Trp that have only one or no
hydrogen bonds produce flat RDC patterns. These different
conformations are dynamically visited by the peptides, and thus
it is important to consider their probability distribution. On the
right side of Figure 2 are shown histograms of the numbers of
backbone hydrogen bonds averaged over intervals of 1 ns. The
peptides with X = Tyr or Trp both present a maximum around
1.8 bonds (Hartigan’s dip test for unimodality, p(Tyr) < 0.01
and p(Trp) < 0.001). The X = Ile peptide also shows some
conformations containing more than one hydrogen bond, but
with a lower probability than for X = Tyr and Trp. The peptide
with X = Gly adopts a non-negligible number of conformations
with one hydrogen bond, but the probability of observing more
bonds is small. These observations echo the facts that hydrogen
bonds become more stable and backbone dihedral fluctuations
decrease along the following order of substitutions: Gly — Ile
— Tyr — Trp (Figures S7 and S8). The peptides containing
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an aromatic residue adopt significantly fewer conformations
with no hydrogen bond in comparison with the Gly and Ile
peptides. Similar conformations are visited by all of the
peptides, but there is a higher probability of observing more
than one hydrogen bond in the peptides containing an aromatic
residue and, to some extent, an isoleucine.

The all-atom MD simulations provide a detailed description
of the structural dynamics of the peptide and thus allow us to
investigate the mechanism by which aromatic residues initiate
the folding process. We postulate that their bulky side chains
limit the access of water molecules to nearby carbonyl and
amide groups. As a consequence, in line with the general
understanding of the formation of secondary structure
elements,"> it would be energetically preferable for these
backbone functional groups to interact with each other, forming
intramolecular hydrogen bonds and favoring peptide folding.
To test this hypothesis, we computed the number of water
molecules coordinating the carbonyl and amide groups of
residues in the middle of the chain. To show that the observed
difference in hydration is a potential driving force and not only
a consequence of a folded conformation, we compared folded
and extended conformations of the Tyr or Trp peptides to
conformations of the Gly peptide, which is generally extended.
For both the Tyr and Trp peptides, the folded and extended
pools respectively contain the conformations corresponding to
the 20% lowest and 20% highest RMSDs with respect to the
experimental RDC values. Figure 3 shows that the backbone of
the X = Trp peptide is significantly less hydrated than that of
the peptide with X = Gly, even in its fully extended
conformations. The strongest effect is observed for the amide
groups of residues S and 6. Similar results were obtained for X
= Tyr, but the dehydration of the backbone polar groups is
significantly less.

Proteins undergoing folding and intrinsically disordered
proteins are typically characterized by dynamical ensembles of
conformations, with fluctuations involving the formation and
release of local secondary structures.'® Comparison of
sequences of intrinsically disordered proteins with natively
folded ones showed that disordered regions are generally
depleted of specific residues, which were termed “order-
promoting amino acids”.® These include, in decreasing order,
Trp, Tyr, and Phe followed by Ile, Leu, and Asn.'” The
bulkiness of the side chains has been proposed to have a direct
impact on the local conformation and dynamics of natively
unfolded proteins."® Our calculations more specifically suggest
that bulkier side chains, notably aromatic ones, impede the
hydration of neighboring carbonyl and amide groups, favoring
the formation of backbone hydrogen bonds and peptide
folding. Such elementary folding events are likely to act as
nucleation points initiating the folding process and leading to
the formation of protein secondary structure elements, without
excluding that coalescence of neighboring chains might be
essential to stabilize them.'” The long-standing view that the
interaction between backbone functional groups is favored by
the formation of hydrophobic pockets'>***' and shielding from
solvent>*** is thus shown to hold at the scale of a single amino
acid side chain. Cooperativity between adjacent side chains is
expected to play a key role in defining the level of backbone
hydration, suggesting that the processes involved in grotein
folding are even more local than previously thought.*® This
further reveals that the effective, or biased,”” conformational
search space can involve as little as a few tens of atoms per
nucleation point, in line with the mechanism hypothesized by
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Figure 3. Backbone hydration. (A, B) Histograms showing the
numbers of water molecules coordinating the amide hydrogen or
carbonyl oxygen atoms of residues 3—7 for the peptides with (A) X =
Tyr and (B) X = Trp. Data for X = Gly are shown as a reference. The
“low” and “high” labels refer to pools of conformations that have low
or high RMSDs with respect to the experimental RDC values. (C—E)
Representative molecular structures for X = Trp (low and high
RMSD) and X = Gly. The average water density within 3.5 A of the
amide hydrogen of residue Ala6 is shown for X = Trp with high
RMSD (D) and X = Gly (E). The water density is isocontoured at
0.016 molecule/A> (ie., half of the bulk density).

Levinthal in the 1960s as a way to circumvent the protein
folding paradox.”® Here we have provided a mechanistic view at
the atomistic scale in which the level of hydration of the main
chain is shown to be a determinant of the protein folding
process and is defined locally by the characteristics of the lateral
chains. These findings contribute to the development of an
amino acid-based code to understand the interatomic driving
forces defining the tridimensional structure of proteins.
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