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Dominant Force for Association in Aqueous Solution**

Sylvia E. McLain,* Alan K. Soper, Isabella Daidone, Jeremy C. Smith, and Anthony Watts

The process by which proteins fold in solution into their
biologically functional forms is still not well understood
despite intense research. The association of hydrophobic
amino acid side chains in proteins—the hydrophobic effect—
is frequently invoked to be the fundamental driving force
behind protein folding in vivo.'! However, there is little
direct experimental evidence that supports this assertion, and
protein assembly purely from hydrophobic association gives
an incomplete picture of the folding process. While many fully
folded protein cores contain associated hydrophobic residues,
ion pairs or salt bridges are important in stabilizing protein
structures, and a proportion of proteins have ion pairs buried
in their core.’! Moreover, the presence of a hydrophobic core
does not necessarily implicate hydrophobic forces as the
primary driving force of folding.

To gain further understanding of the relative roles of
hydrophobic and hydrophilic interactions in the process of
protein formation, we determined the structure in aqueous
solution of three dipeptide fragments containing both hydro-
phobic and hydrophilic portions exposed to the surrounding
water solvent by using a combination of neutron diffraction
and computer simulation techniques. The series of peptides
investigated consisted of glycyl-L-alanine, glycyl-L-proline,
and L-alanyl-L-proline (Figure 1). The hydrophobicity of
these dipeptides increases across the series; glycine has the
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glycyl-L-proline

Figure 1. Molecular structure of the dipeptides studied (taken from the
EPSR modeling box).

smallest hydrophobic group (-H), alanine a single methyl
group (-CHj,), and proline has the largest hydrophobic group
with its pyrrolidine ring (-CH(N)(CH,);).”! Proline was
chosen for this investigation as it is both hydrophobic and
soluble enough to make the neutron diffraction experiments
feasible. Note that the peptide bond in glycyl-L-alanine is a
secondary amide, whereas the other two dipeptides are
tertiary amides (Figure 1).

Neutron diffraction enhanced by hydrogen isotope sub-
stitution (NDHIS) when combined with computer simulation
provides atomic-length-scale information about the arrange-
ment of molecules in solution.”" Through the application of
NDHIS coupled with modeling by empirical potential struc-
ture refinement (EPSR; see the Experimental Section), it is
possible to extract three-dimensional structures of the
solution which are consistent with the diffraction experi-
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ment.'>3] Molecular dynamics (MD) simulations!™!* (see
the Experimental Section) were used to assess independently
the structure of the three peptide fragments in solution.

The dipeptide molecules were studied separately in their
zwitterionic form, with the C and the N termini as CO,™ and
NH;* groups, respectively. Aqueous solutions of the peptides
were prepared by using a variety of hydrogen isotope
substitutions at a concentration ratio of 1 mol dipeptide to
20 mol water and pH= 6 in each case. The diffraction data
and the EPSR-model fits to this data can be found in the
Supporting Information. Figure 2 shows the atom-atom
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Figure 2. Sitesite radial distribution functions (g(r)) for peptides in
aqueous solutions. The solid lines correspond to glycyl-L-alanine, the
dashed lines to glycyl-L-proline, and the dotted lines to L-alanyl-L-
proline. The charge—charge interactions for the dipeptides are a) the
Zocrx(r) interaction between the C-terminal oxygen atoms (CO,™ group)
and N-terminal hydrogen atoms (NH;" group) on the peptides and

b) the gopu(r) interaction between the C=O group of the peptide bond
and the N-terminal hydrogen atoms (NH;") on the peptides. The other
two functions show c) the hydrophobic methyl-methyl interactions
(8cmem(n)) for the solutions of glycyl-L-alanine and L-alanyl-L-proline
and d) the pyrrolidine ring carbon—carbon interactions (gcycui(r)) for
the solutions of glycyl-L-proline and L-alanyl-L-proline. The dot-dashed
line in (d) corresponds to the methyl-ring interactions (gcpcm(r)) in
L-alanyl-L-proline.

correlations (g(r)) from the experimental EPSR-model fits.
These correlations correspond to both the hydrophobic and
“hydrophilic” or charge—charge interactions between the
peptides in solution. Specifically, gocnx(r) and gopnx(r) are
the “hydrophilic” interactions between peptides. They corre-
spond to C-terminal oxygen atom (Oc)-N-terminal hydrogen
atom (Hx) contacts and peptide bond oxygen atom (Op)-N-
terminal hydrogen atom (Hx) contacts, respectively. The
hydrophobic interactions, namely, the methyl-methyl
(8cmem(r)), ring-ting (gepkcor(r)), and methyl-ring (gcokem(r))
interactions, are also shown in Figure 2.

The maxima of the g(r) curves in Figure 2 show that the
most pronounced interactions are found between the glycyl-L-
alanine peptides, as is evident in both the “hydrophilic” group
contacts (goeux(r); Figure 2a) and hydrophobic group con-
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tacts (gemem(r); Figure 2¢). Both of the more hydrophobic
peptides, glycyl-L-proline and L-alanyl-L-proline, show less
pronounced interactions between the atomic sites. In all of the
peptides, the most prominent correlation is between the NH;*
and CO,  end groups on the peptide fragments, rather than
between hydrophobic groups. A substantial number of NH;*
and CO,  contacts occur in each case, as shown by the
coordination numbers for these functions at 2.43 A, which is
the first minimum of go ., (r), of 0.75, 0.57, and 0.44 for glycyl-
L-alanine, glycyl-L-proline, and L-alanyl-L-proline, respec-
tively.

The question arises as to whether the dominant pairwise
hydrophilic charged interactions also drive clustering of the
peptide molecules, or rather, if any clustering is driven by
hydrophobic interactions. To determine whether any large-
scale association occurs, we analyzed both the experimentally
derived EPSR model and MD simulations by using the same
clustering criteria (Figure 3; see the Experimental Section).

As reflected by the g(r) curves in Figure 2, the most
prominent clustering interaction for all of the peptides in the
series is through contacts between the NH;* and CO,~ groups.
In the case of the glycyl-L-alanine peptide, the most probable
NH;*-CO," cluster, with a probability of approximately 90 %
in the experimentally derived EPSR model, is a fully
percolating cluster containing 50 peptides. The MD simula-
tion of the same peptide also shows this trend towards larger

“hydrophilic” clusters “hydrophobic” clusters
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Figure 3. Cluster analysis for peptides in solution. The cluster proba-
bility has been normalized with respect to each type of cluster and is
depicted on a logarithmic scale. The left-hand graphs show the NH;"—
CO,™ clusters (results derived from o the EPSR model, @ MD
simulations). The right-hand graphs depict the hydrophobic interac-
tions between peptides (methyl-methyl interactions: A results derived
from the EPSR model, A results derived from MD simulations; proline
pyrrolidine ring—ring interactions: 0 results derived from the EPSR
model, m results derived from MD simulations).
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clusters of 40-50 NH;"-CO, -linked peptides, which have a
collective probability of approximately 40 %. Although there
are unassociated single glycyl-L-alanine molecules (cluster
size 1) and dimers present, the occurrence of intermediate-
sized NH;"-CO, " clusters (about 5-35 peptides) has a very
low probability in the MD simulation; in the experimentally
derived EPSR model these intermediate-sized clusters are
completely absent from the solutions of glycyl-L-alanine. In
contrast, the most hydrophobic peptide, L-alanyl-L-proline,
predominantly forms small-to-intermediate-sized NH;*-
CO,~ clusters (2-25 peptides) with a steadily decreasing
probability of larger-sized clusters of this type in the EPSR
modeling box. A similar trend was observed in the L-alanyl-L-
proline MD simulations, although with a higher probability of
NH;"-CO," peptide association into larger clusters (25-50
peptides).

The probability distribution of the NH;*-CO,™ glycyl-L-
proline clusters is “intermediate” between the distributions of
the NH;*—CO,™ clusters of the other two peptides in the
EPSR model and shows a similar likelihood of formation of
either small clusters (less than 10 peptides) or larger clusters
(30-50 peptides). The glycyl-L-proline NH;*—~CO,~ clusters
derived from the MD simulation show a high probability of
intermediate clusters of 2-25 peptides. Although the results
derived from EPSR and MD models for hydrophilically
linked NH;*~CO," clusters between L-alanyl-L-proline pep-
tides, and to a larger extent between glycyl-L-proline peptides,
differ somewhat, it is clear from both approaches that the
least hydrophobic peptide, glycyl-L-alanine, shows the great-
est NH;"—CO,  association, whereas the two more hydro-
phobic peptides show a much lower probability of forming
larger NH;*—CO," clusters.

In Figure 3, only the results of the NH;"-CO," clustering
analysis are shown in the graphs on the left-hand side. The
other potential site for charge-based hydrophilic clustering is
through a peptide bond (C=0) oxygen atom in an interaction
with the N-terminal NH;* group. However, all peptides in
both the EPSR models and MD simulations show a very low
probability of clustering of this type, and these clusters have
therefore been omitted.

For all three peptides, the hydrophobic clusters (formed
through methyl-methyl or pyrrolidine ring-ring interactions)
are much smaller than the NH;7—CO, -linked clusters. More-
over, the largest hydrophobic peptide cluster for any of the
measured peptides only contains about 12-15 peptides, and
the probability of larger-scale hydrophobic clusters decreases
rapidly with increasing cluster size. Glycyl-L-alanine shows a
higher degree of methyl-methyl clustering, with a maximum
cluster size of around 15 peptides, than L-alanyl-L-proline,
which exhibits a maximum cluster size of around 3-5 peptides,
consistent with the g¢,cm(r) curves (Figure 2d). Both glycyl-L-
proline and L-alanyl-L-proline show approximately the same
distribution of ring-ring-based clusters, whereby larger-sized
clusters of this type (above about 10 molecules) have very low
probabilities. ~ Strikingly, even though hydrophobicity
increases across the series of peptides, there is no increase
in hydrophobically driven large-scale clustering with increas-
ing hydrophobic surface area (Figure 3). Additional simula-
tions performed on the same systems after removing all
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charges so that no hydrophilic charge-based clusters could
occur (see the Supporting Information) indicated that the
hydrophobic clusters in Figure 3 are in fact not significantly
more prevalent than the hydrophobic clusters that occur in a
randomly packed solution.

Experimentally derived EPSR models and MD simula-
tions demonstrate that, of the peptides investigated in this
study, glycyl-L-alanine shows the most association between
peptides in solution, and the two peptides with the larger
hydrophobic surface area, glycyl-L-proline and L-alanyl-L-
proline, show the least association (Figures 2 and 3). More-
over, the clustering profiles and the site-specific g(r) values
indicate that the most prevalent interaction between any of
the peptides in solution is charge-based or hydrophilic. A
typical snapshot of the MD simulation box for glycyl-L-
alanine shows the aggregation of these peptides in solution
(Figure 4).

Figure 4. Representative snapshot of the peptide/water box from MD
simulations on glycyl-L-alanine in solution. The water molecules are
depicted by the red crosses with the hydrogen atoms eliminated for
clarity.

The present findings indicate that the charged sites on the
peptides dominate the formation of their structures in
solution. Moreover, the interactions between peptides
decrease as the hydrophobicity of the peptides increase. A
possible explanation for this phenomenon might have been
that the hydrophobic and hydrophilic interactions compete,
so that with increasing hydrophobicity there is a “breakdown”
of the charged interactions. However, such an effect does not
appear to apply, given that the least hydrophobic peptide of
those studied, glycyl-L-alanine, showed the greatest number
of hydrophobic interactions. This trend is opposite to that
which would be predicted by a model of peptide association in
which hydrophobicity is the dominant structural driving force.

These results have significant implications for theoretical
models concerning the protein-folding process. The present
experimental and computer-simulation results furnish quan-
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titative structural information on an atomic length scale with
respect to the relative importance of charged interactions
between the hydrophilic groups and nonpolar hydrophobic
interactions in aqueous solution. These results indicate that
hydrophilic interactions are the dominant driving force in
peptide association and possibly, by extension, in the protein-
folding process.

Experimental Section

Neutron diffraction measurements were performed on the peptide
solutions (see the Supporting Information) with the SANDALS
diffractometer at ISIS in the UK. The neutron diffraction data were
used as constraints for the EPSR models of the peptide solutions. The
modeling boxes were fixed at the appropriate experimental density
and temperature and contained 50 peptides and 1000 water molecules
in each case. The seed potentials for the EPSR models were modified
slightly from the potentials used in the MD simulation (for details, see
the Supporting Information).

The MD simulations of the three peptides were performed with
the GROMACS software package by using the AA-OPLS force field
for the peptide and the SPC/E model for water in an NVTensemble at
300 K with isokinetic temperature coupling.'®! The contents of the
MD simulation boxes and EPSR modeling boxes were identical; for
both, periodic boundary conditions were used. Electrostatic inter-
actions were treated by using the particle mesh Ewald method (real-
space cutoff: 0.9 nm).'"”? The bond lengths were fixed,"® and a time
step of 2 fs was used for numerical integration. Simulations were
performed for 1 ps with coordinates stored every 1 ps.

The ensemble-averaged site-site radial distribution functions
(g(r)) and the average clustering profile were calculated from the
EPSR and MD molecular assemblies. The g(r) curves can be
integrated to obtain the coordination number (n) of atom 3 around
atom o over the distance range r,—r, according to Equation (1):

r

n/fl(r) = 4mcpp / g(ryr*dr 1)

LA}

Cluster analysis is performed by considering that two molecules
belong to the same cluster if specified atoms are within a given
distance range, which is usually defined by the position of the first
minimum between the atoms observed in the appropriate g(r)

function. The size of a cluster is determined by counting all of the
molecules that are connected to at least one other molecule in the
same cluster within the specified distance constraint. Further details
are given in the Supporting Information.
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