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We employ the diffusion map approach as a nonlinear dimension-
ality reduction technique to extract a dynamically relevant, low-di-
mensional description of n-alkane chains in the ideal-gas phase and
in aqueous solution. In the case of Cg we find the dynamics to be
governed by torsional motions. For C;¢ and C,, we extract three
global order parameters with which we characterize the fundamen-
tal dynamics, and determine that the low free-energy pathway of
globular collapse proceeds by a “kink and slide” mechanism, where-
by a bend near the end of the linear chain migrates toward the
middle to form a hairpin and, ultimately, a coiled helix. The low-di-
mensional representation is subtly perturbed in the solvated phase
relative to the ideal gas, and its geometric structure is conserved
between C; and C4. The methodology is directly extensible to
biomolecular self-assembly processes, such as protein folding.

t has long been suspected that cooperative couplings between

degrees of freedom render the effective dimensionality of bio-
physical systems far less than the 3R-dimensional coordinate
space of the R constituent atoms (1-5). This has been framed
in the projection operator formalism (6) as a separation of time
scales in which the important dynamics reside in a “slow sub-
space” (7) and is associated with a smooth underlying free energy
surface (8). For example, two-dimensional descriptions have been
formulated for dialanine (9) and a coarse-grained model of the
src homology 3 domain (5).

Calculation of the effective dimensionality of a dynamical sys-
tem, and identification of order parameters describing the low-di-
mensional “intrinsic manifold” to which the system dynamics are
effectively restrained, is a long-standing problem in as seemingly
disparate fields as data visualization (10), speech recognition (11),
semisupervised learning (12), and spectral clustering (13). The
fraction of native contacts (Q) (8, 14) and the folding probability
(Pso1a) (8, 15) have been used as reaction coordinates for protein
folding, but such coarse variables may lump together structurally
and kinetically disparate conformations and can prove inadequate
for larger proteins with frustrated folding funnels (5, 8). Empirical
order parameters also tend to perform poorly on landscapes
exhibiting multiple local free-energy (FE) minima or lacking
well-defined unfolded and folded basins. Principal components
analysis (PCA) is a popular linear dimensionality reduction tech-
nique applied extensively to biophysical systems (1-4, 16) which
seeks to describe the “essential subspace” (2) of the dynamics
by a set of orthogonal vectors oriented along the directions of
largest variance in the data. For the highly nonlinear intrinsic
manifolds one expects for complex molecular systems (5), the
linearity of this technique renders it appropriate in local regions,
but results in a poor characterization of the global features (5, 17).
This deficiency leads to poor PCA estimates of the effective
dimensionality (17) far in excess of the dimensionality of the phase
space dynamics determined by Lyapunov analysis (3).

A number of nonlinear dimensionality reduction techniques
have emerged in recent years such as Isomap (17), local linear
embedding (LLE) (18), and diffusion maps (19-21), which seek
to reconstruct the intrinsic manifold by integrating local structur-
al information dictated by the data geometry into a unified global
description. Isomap (5, 22) and LLE (23) have been successfully

www.pnas.org/cgi/doi/10.1073/pnas.1003293107

applied to peptide systems, and, although diffusion maps have
been used to study phenomena as diverse as chemical reaction
networks (24) and defect mobility at an interface (25), they have
not been previously applied to systems of biophysical significance.

Path-based techniques such as the finite temperature string
(26), nudged elastic band (27), and transition path sampling
(28) aim to determine minimum (free) energy routes between
metastable states of biophysical systems, from which order para-
meters and mechanisms may be inferred. Diffusion maps may
complement such approaches by furnishing order parameters
with which to better characterize metastable basins or by provid-
ing a low-dimensional description of the pathway ensemble.
Although we were unable to find comparative studies, application
of the diffusion map approach to the simulation trajectories in
this work was computationally inexpensive, requiring less than
20 h on a single 2.66 GHz processor. Path-based techniques
would be more appropriate for systems exhibiting high free-en-
ergy barriers, because the diffusion map requires dense sampling
of phase space.

N-alkanes are relatively simple molecules whose dynamic and
structural behavior nevertheless remains rich and far from well
understood, with recent work demonstrating the exotic chain con-
formations adopted by these molecules (29). Despite the absence
of specific interactions or a unique native structure, the behavior
of single n-alkane chains in water has long been of interest for
understanding the role of hydrophobicity in protein folding
(30-35). In this work, we have conducted long molecular dy-
namics simulations of n-octane (Cg), n-hexadecane (Ciq), and
n-tetracosane (C,) in explicit water, and corresponding ideal-
gas phase Monte Carlo simulations in which an isolated chain
interacts only with itself. By applying diffusion maps to the simu-
lation data, we extracted the intrinsic manifolds which we deter-
mined to be approximately three-dimensional and well conserved
between the ideal gas and solvated phases. The simulations serve
only as a means to sample a canonical distribution of system con-
figurations; the underlying dynamics of the algorithms do not play
a role in the diffusion map approach. The physical interpretation
of order parameters identified by the diffusion map is unknown a
priori, but can be facilitated by correlation with “intermediary”
variables, in this case the principal moments of the n-alkane gyra-
tion tensor. Structural details were resolved by visualizing system
configurations at representative data points. We determined
three global order parameters for C;s and C,, describing the
degree of collapse, location of the bend, and the handedness
of the chain helicity, and determined the low-FE pathway for
globular collapse to proceed by a kink and slide mechanism,
whereby a bend near the end of the extended chain migrates
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to the center to form a symmetric hairpin, which subsequently
collapses into a helical coil.

Diffusion Map

A molecular simulation trajectory recording the coordinates of all
R constituent atoms consists of a set of 3R-dimensional snap-
shots. Using the diffusion map approach, we seek to arrange
the trajectory in a low-dimensional space such that snapshots that
are dynamically proximate (i.e., the system may evolve from one
to the other on a short time scale) are situated near one another.
In the following description of the method, we strive to present a
physically motivated summary, reserving a more mathematical
treatment for the SI Text.

The first step is to establish the dynamic proximity among
all snapshot pairs, where, in the absence of an easily computable
dynamic measure, we employ a structural similarity metric, with
small values implying close dynamic proximity. We choose the
rotationally and translationally minimized rmsd between the co-
ordinates of the n-alkane united atom centers (36), denoting the
distance between snapshots snap; and snap; as rmsd;. Although
this measure ostensibly discards all solvent degrees of freedom,
the solvent influences the simulation trajectory and its effect is
“encoded” in the n-alkane configurations sampled.

The pairwise distances are now combined with a Gaussian
kernel of bandwidth e. For N snapshots, this transformation
yields the N-by-N matrix A with elements

(rmsd;;)? .
Aij:exp —T l,]:l,...,N. [1]

This step provides a smooth threshold for the pairwise distances,
discarding large and retaining small rmsd; values, where /e is a
characteristic value below which we consider the similarity metric
a meaningful measure of dynamic proximity. Following Grassber-
ger and Procaccia’s use of the correlation dimension as a measure
of fractal dimensionality (37), Coifman et al. demonstrated that
twice the slope of the linear region of alog-log plot of }’; :4;; versus
€ provides an estimate of the effective dimensionality of the system
dynamics and delineates the range of suitable e values (38). An
example calculation is provided for solvated C¢ in Fig. S1.

A diagonal matrix D is constructed from the row sums of A and
used to construct the N-by-N matrix M,

N
D; = ZA,-J- i=1,...N, [2]
j=1

M =D"'A. [3]

The eigenvectors of M arranged in decreasing eigenvalue order,
{¢:}Y |, may be efficiently computed as described in Materials and
Methods, with ¢, the trivial all-ones vector. The k-dimensional
diffusion map is the mapping of the ith simulation snapshot into
the ith component of each of the top k nontrivial eigenvectors

19, 21, 39 - - .
( ) snap; = (2(0).03(0),- .1 (0))- [4]

For brevity, this mapping will henceforth be referred to simply as
the “embedding in the top k eigenvectors.” Dimensionality reduc-
tion is achieved by mapping the 3R-dimensional simulation snap-
shots into a k-dimensional embedding. Determination of an
appropriate k is system dependent, and is addressed in Results
and Discussion.

Free energy surfaces (FES) may be computed over the diffusion
map embeddings using the relation BG(x) = —Inp(x) + const,
where 8 = 1/kgT, G is the Gibbs free energy, p(x) is a histogram
approximation to the density of snapshots at x, and Xis a k-dimen-
sional vector of the eigenvector components.

As discussed in more depth in the SI Text, if the system
dynamics can be well modeled as a diffusion process, and the
structural similarity metric is a good descriptor of microscopic
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diffusive motions, then the diffusion map embedding possesses
two important features. (/) The Euclidean distance between
two snapshots in the diffusion map embedding corresponds to
their diffusion distance, which may be regarded as the ease with
which the system can evolve from one snapshot to the other (19,
39). Snapshots connected by a large number of short pathways
have a small diffusion distance and will be embedded close
together. (if) The diffusion map embedding captures the slow
dynamical motions of the system, capturing the intrinsic or “slow”
manifold. Together, these properties make the diffusion map em-
beddings of the simulation trajectory dynamically meaningful, be-
cause paths traced out over this embedding describe the
evolution of the system in its fundamental dynamical motions.
Although these assumptions are expected to hold for biophysical
systems such as this, in the event that they do not, the identified
order parameters remain good variables with which to parame-
trize the evolution of the system from one state to another.

Results and Discussion

n-Octane. The (fractal) effective dimensionalities of the Cg system
in the ideal gas and solvated phases were estimated as 3.0 and 2.7,
respectively, suggesting that embeddings may be constructed in the
top three eigenvectors. The ordered principal moments of the Cyq
gyration tensor (&;,&,,&;) describe the characteristic length of the
chain along each of its three principal axes, providing a convenient
measure of elongation or globularity (40) and serving as conveni-
ent “intermediaries” in the nontrivial task of assigning physical
meaning to the order parameters furnished by the diffusion
map (Fig. S2 4 and B). They do not, however, map bijectively with
these order parameters and so are not in themselves the “right”
variables.

Two-dimensional projections of the three-dimensional embed-
ding of the solvated Cg system into eigenvectors 2, 3, and 4 are
presented in Fig. 1. In Fig. 14, the data points are colored accord-
ing to &, which correlates well with eigenvector 2 (evec2). For
chain molecules such asn-alkanes, &, is typically much greater than
the other principal moments, and is the dominant contribution to
the radius of gyration (R,), which is related to the principal
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Fig. 1. Two-dimensional elevations of the three-dimensional embedding of
the solvated phase Cg system into evec2, evec3, and evec4. Data points are
colored according to the (A) first and (B) third principal moments of the Cg
gyration tensor.
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moments by R? = & + & + &. This relationship results in an ap-
proximately bijective mapping between &; and R, and, accordingly,
evec2 also shows good correlation with R, (Fig. S2 C and D). In
Fig. 1B, the points are colored according to &;, which permits
the identification of nine distinct low-¢£; locales, of which seven
are visible as dark blue regions, with the remaining two buried
in the point cloud. These regions correspond to local FE minima,
all of which are visible as low-lying isosurfaces of the FES in Fig. 2.
Visualization of structures (41) residing in each FE well reveals
that the basins correspond to various combinations of gauche
defects in the chain. The fact that these structures are approxi-
mately planar permits their identification with low values of &;.

Figs. S3 and S4 present analogous plots to Figs. 1 and 2 for Cg
in the ideal-gas phase. The fact that the structure of the ideal-gas
phase intrinsic manifold and FES are remarkably similar to those
in the solvated phase reinforces the assertion that the solvent
plays little role in the conformations of short chain n-alkanes
(34, 42). R, has previously been suggested by ourselves and others
as a good order parameter for n-alkane systems (29, 35, 42), and
its correlation with the components of the top eigenvector justi-
fies its use as a good one-dimensional descriptor for Cg. However,
the diffusion map approach furnishes a more informative three-
dimensional embedding in which local minima are separated on
the basis of gauche defects, and transitions between them corre-
spond to torsional motions of the chain.

n-Hexadecane and n-Tetracosane. The effective dimensionality of
ideal gas C;¢ was estimated to lie in the range 3.1-6.2, in agree-
ment with the solvated phase estimate of 3.9-5.6. In the case of
Cy4, the ideal-gas and solvated phase estimates were 3.0-5.4 and
3.2-5.4, respectively. The spread arises from the precise location
at which the slope is computed in the };:A4; vs. ¢ log-log plot
(Fig. S1). This ambiguity motivated us to develop an independent
measure of the fractal dimensionality of the intrinsic manifold by
computing the correlation dimension (37) of the embeddings in
successively more eigenvectors, with the value at which this func-
tion flattens out, known as the plateau dimension (43). Up to 12-
dimensional embeddings were constructed to determine a pla-
teau dimension between 2.8-2.9 for the C4 systems, and 2.9—
3.0 for the C,; systems, suggesting that embeddings be con-
structed in the top three eigenvectors.

The eigenvectors returned by the diffusion map are mutually
orthogonal, but embeddings into their components (Eq. 4) may
exhibit functional dependencies. Conceptually, the diffusion
map may return multiple order parameters characterizing the
same dynamic pathway. To draw an analogy with multivariate

0.010

0.000 - /

evec 4

- &
-0.010 0.000

evec 3

Fig. 2. FES of the solvated phase Cg system embedded in evec2, evec3, and
evecd with representative chain conformations. As in Figs. 3, 4, and 5A,
molecules are oriented such that the head is farther from the reader, and sol-
vent has been removed for clarity. The range of G (where G is the Gibbs free
energy, and g = 1/kgT)is 3.6-10.3, with isosurfaces plotted at G = 5, 6, 7, and
8. The ninth low-&; region midway between structures 2 and 3 has not been
associated with a distinct structure, because it describes transitory conforma-
tions between 2 and 3 containing gauche defects in both the head and tail.
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Fourier series, sin(x) and sin(2x) are independent Fourier compo-
nents both oriented in the same spatial direction. In the case of
solvated Cy4, such a dependency collapses an embedding into
the components of evec2 and evec3 onto an effectively one-dimen-
sional curve (Fig. S54). By fitting two piecewise continuous
quartic functions, this curve was parametrized by its scalar valued
arclength (Fig. S5B), permitting an embedding in [evec2/3
arclength, evecd, evec6], where evec5 exhibited a functional
dependency on arclength, and was omitted in favor of eveco.
Similarly, ideal gas C,; was embedded in [evec2/3 arclength, evecS5,
evec6], and Cy, in [evec2/4 arclength, evec3, evec5] in both the
ideal-gas and solvated phase.

Fig. 3 presents elevations of the three-dimensional embedding
of the solvated C,4 system, with data points colored according to
the principal moments of the C,, gyration tensor to assist in the
physical interpretation of the eigenvectors and arclength. Fig. 34
demonstrates that &, which describes the extent of the molecule
along its longest axis, is anticorrelated with arclength, permitting
arclength to be interpreted as the degree of molecular collapse.
Structural details are resolved by visualizing representative chain
conformations at increasing values of arclength while holding
evec3 = evecS = 0. The progression of structures 1—2 —
3 — 6in Fig. 3 tracks the collapse from an extended conformation
via a bend in the middle of the chain to a tight, symmetric hairpin.

Fig. 3B presents the same projection of the manifold as Fig. 34,
but with the data points colored according to &,, describing the
extent of the chain along its second longest axis. For values of
arclength between 0.04 and 0.07, evec5 values around zero cor-
respond to high values of &, whereas values of evec5 away from
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Fig. 3. Two-dimensional elevations of the three-dimensional embedding of
the solvated phase C,4 system in evec2/4 arclength, evec3, and evec5. Data
points are colored according to the (A) first, (B) second, and (C) third principal
moments of the Cy4 gyration tensor.
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zero are associated with lower values of &,. Visualization of re-
presentative chain conformations reveals the details of transitions
described by evec5. Structure 3 has an evec5 value of around zero,
and is a loose hairpin in which the bend is located approximately
at the center of the chain, with the looseness reflected in a large
value of &,. As evec5 is increased to approach structure 4, the kink
migrates toward the tail and is accompanied by a tightening of the
hairpin and a reduction in &,. Similarly, as evec5 is reduced from
zero to approach structure 5, the hairpin tightens, but the kink
now migrates toward the head of the chain. No large &, values
are observed at values of arclength below 0.04 and above 0.07,
because structures in the first case correspond to linearly
extended conformations (structure 1), and in the second to tight
hairpins (structure 6) and coils (structures 7 and 8).

The data points in the elevation of the manifold presented
in Fig. 3C are colored according to &3, describing the extent of
the n-alkane chain along its shortest principal axis. Structure 6
has a value of evec3 near zero, and a small value of & due to
the planarity of this tight, symmetric hairpin. Moving toward
positive (negative) values of evec3 corresponds to a transition
to a left-handed (right-handed) helical coil depicted by structure 8
(structure 7), which is accompanied by an increase in £; due to a
transition from a planar to a more globular form. Therefore,
evec3 may be interpreted as describing the deviations from
planarity of the molecule, distinguishing the handedness of such
deviations toward right- or left-handed helical coiled structures
akin to those observed by Chakrabarty and Bagchi (29).

Pairwise rmsd distances were computed using a consistent
definition of the head-tail directionality of the n-alkane chains
in order to yield a dynamically meaningful similarity metric.
Because the chemical structure of n-alkanes is, however, identical
irrespective of which end is defined as the head, the head-tail
symmetry emerged naturally in order parameters extracted by
the diffusion map, and is apparent in the approximate planes
of symmetry in the structure and coloration of the manifold
elevations in Fig. 3 B and C. For instance, structures containing
a kink near the head (structure 5) are related by a head-tail
inversion to those with a kink near the tail (structure 4).

The intrinsic manifold of solvated C,q (Fig. S6) is remarkably
similar to that of solvated C,, (Fig. 3), and the intrinsic manifolds
of ideal gas Cy4 (Fig. S7) and Cy, (Fig. S8) exhibit striking simi-
larity to those of the corresponding solvated systems. The simi-
larity of the fundamental structure of the intrinsic manifold in all
four systems suggests that the chain conformations explored by
Ci¢ and C,, in the ideal-gas and solvated phases are largely
the same (34, 42), with the slow dynamics restrained to similar
low-dimensional attractors.

We now turn from a consideration of the structure to an
analysis of the conformational population distribution by con-
structing FES over the manifolds. Fig. 4 4 and B present FES
for Cy, in the ideal-gas and solvated phases, respectively. Fig. 44
illustrates the presence of a low-FE “doughnut” encircling a
higher FE region, and linking extended and collapsed conforma-
tions by two distinct routes. The pathway indicated by the upper
arrow illustrates the progression from low to high arclength via
positive values of evecS, whereas the lower arrow indicates a
route via negative evecS values. The representative structures
projected onto the manifold demonstrate that the transitions
proceed by a kink and slide mechanism, where a kink developing
near the head (evec5 < 0) or tail (evec5 > 0) of an extended
chain migrates toward the middle to form a tight, symmetric
hairpin. These pathways follow an FE isosurface and are there-
fore essentially barrierless. The direct route from low to high
arclength with evec5 =0 traverses the “doughnut hole,” as
indicated by the dashed arrow, and corresponds to a symmetric
collapse pathway whereby a loose hairpin closes symmetrically
into a tight hairpin. This route is less favored than the asymmetric
collapse pathways, containing an extended 1-2kT FE barrier.
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Fig.4. FESforthe Cy4 chaininthe (A)ideal-gasand (B) solvated phase. In both
cases the embedding is constructed in evec2/4 arclength, evec3, and evec5. The
range of G is 2.4-10.3 in the ideal-gas phase and 1.6-10.3 in the solvated
phase, with isosurfaces plotted at G =5, 6, 7, 8, and 9 in each case. The
essentially one-dimensional low-arclength tip apparent in Fig. 3C and
Fig. S8C constitutes the global FE minimum, but is not resolved in the
three-dimensional plot. Solid arrows indicate collapse pathways by the kink
and slide mechanism, and the dashed arrow in A indicates the symmetric hair-
pin collapse route. The * in B marks the low-FE incursion mentioned in the text,
and the positive evec3 wing is not visible due to the perspective of the plot.

Populations of helical coils at large positive and negative values
of evec3 are too low to be resolved on the FES.

Fig. 4B demonstrates that the kink and slide mechanism
remains the low-FE pathway for chain collapse in the solvated
phase, as indicated by the arrows. The symmetric collapse
pathway was so rarely sampled throughout the 30 ns simulation
that we compute an infinitely high barrier at the resolution of
our FES. Accordingly, the low-FE incursion on the low-arclength
side of the doughnut hole (indicated by *) corresponds to loose,
symmetric hairpins and represents a dead end to chain collapse.
The helical coils are significantly more stable in the solvated phase
relative to the ideal gas, with similar free energies as the tight, sym-
metric hairpins. That such structures exist in both the ideal-gas and
solvated phases suggest that these morphologies are inherent to
the n-alkane chain rather than a product of the aqueous environ-
ment (29), but are significantly stabilized by the solvent interac-
tion, presumably by the hydrophobic effect (44, 45).

The major features of the C,, ideal-gas and solvated FES are
conserved in the case of Cj4 and are presented in Fig. S9. The
low-FE pathway to collapse for solvated C¢ also proceeds by
a kink and slide mechanism, followed by further collapse into
a helical coil. The symmetric collapse route is as favorable as
the asymmetric pathways in the ideal-gas phase, but whereas
the asymmetric routes remain barrierless in the solvated phase,
the symmetric pathway contains a >kT barrier, with precise
determination of the height frustrated by inadequate sampling
of this region. Depopulation of the symmetric collapse pathway
in the solvated phase relative to the ideal gas appears to be the
root of our previously reported solvent-induced FE barrier
between extended and collapsed n-alkane conformations (42).
As for Cg, the diffusion map approach has identified &;, or
equivalently R,, as a good one-dimensional order parameter,
although this representation is inferior to a three-dimensional
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description in terms of the degree or chain collapse, position of
the bend in the chain, and handedness of the helical coil.

Although an objective validation of the dynamical relevance of
the low-dimensional description would require evaluation of the
committor probabilities along the collapse pathway (46), the
identified variables are preserved when considering partial simu-
lation trajectories (compare Fig. 54 and Fig. S64), and appropri-
ately characterize collapse events observed in the trajectories
(Movie S1).

Solvent Analysis. The role of the solvent was probed by calculating
the solvent-excluded cavity volume occupied by the C;4 chain
using a test probe insertion procedure detailed in Materials
and Methods. Due to the computational expense of the proce-
dure, a contiguous 3 ns portion of the full 30 ns solvated trajectory
was considered. Application of the diffusion map to the partial
trajectory proved robust, resulting in a three-dimensional embed-
ding of the intrinsic manifold (Fig. 54) very similar in structure
to those for the complete C,s and C,, trajectories (Fig. S64 and
Fig. 3). The data points in Fig. 54 are colored according to the
cavity volume, illustrating that chain collapse from low-arclength,
extended conformations to high-arclength, tight, symmetric
hairpins and helical coils, is accompanied by an increase in the
solvent-excluded cavity volume. Considering arclength = 0.12
as a cutoff, the mean cavity volume of the extended conforma-
tions is 16 + 11 A®, compared to 39 +20 A? for the collapsed
structures. Large variances are expected in the measurement
of a dynamic void volume depending on the collective motion
of many solvent molecules.

Fig. 5B provides a three-dimensional view of the solvated
C,, intrinsic manifold presented in Fig. 3, together with represen-
tative snapshots of the n-alkane chain and surrounding water
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Fig. 5. Solvent analysis. (A) Two-dimensional elevation of the three-dimen-
sional embedding of the solvated phase C;g system constructed from a 3 ns
portion of the full 30 ns trajectory. The embedding is constructed in evec2/3
arclength, evec4, and evec5, after a small rotation of the manifold to present
a view consistent with that of Fig. 3. Data points are colored according to the
solvent-excluded cavity volume occupied by the Cyg chain. (B) Three-dimen-
sional view of the solvated phase C,4 system embedded in evec2/4 arclength,
evec3, and evec5. Data points are colored according to the first principal
moment of the C,4 gyration tensor.
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molecules, to illustrate the details of the solvent as the chain
collapses via the kink and slide mechanism. The interior of the
low-arclength, loose hairpin is hydrated (snapshot A in Fig. 5B),
as is apparent by the presence of water molecules between the
arms of the chain. Solvent is excluded from within a bend in
the tail of the chain (B), which subsequently slides down to form
a tight, symmetric hairpin with a dry interior (C), and collapses
further into a helical coil with a dry core (D) (Movie S1). The
expulsion of solvent from the chain interior is captured by the
increase in the solvent-excluded cavity with increasing arclength
and, in this sense, solvent effects are contained within the
extracted order parameters without explicit consideration of
solvent degrees of freedom.

The depopulation of the symmetric hairpin collapse pathway
in the solvated phase relative to the ideal gas (Fig. 4) is apparently
due to a wetting/dewetting FE barrier similar to that observed by
Lum et al. for bundles of hydrophobic cylinders (47), with the
kink and slide mechanism providing a less expensive route to col-
lapse, avoiding the collective expulsion of interior solvent
molecules. A study of a hydrophobic 12-mer by Miller et al.
(46) determined the low-FE collapse pathway to proceed via a
drying transition at a bend in the middle of the chain. Athough
the sensitivity of hydrophobic hydration mechanics to subtle
differences in the force field (29) may underlie these differences,
the large monomers of Miller et al. may permit this model to be
interpreted as a coarse-grained representation of ~Cg, (39),
suggesting an alternative collapse mechanism for long chains.

Conclusions

We have demonstrated an application of diffusion maps to system-
atically recover a small number of “good” order parameters from
simulations of Cg, C,4, and C,, n-alkane chains in the ideal-gas and
solvated phases. The intrinsic manifolds upon which the dynamics
of each system effectively lie were reconstructed by embedding the
simulation trajectories into these order parameters, and a physical
interpretation of the parameters was facilitated by correlating
them with the principal moments of the n-alkane gyration tensors.
FES constructed on the manifold are dynamically meaningful,
with the low-FE pathways providing mechanistic insight. In the
case of Cg, the local FE minima were separated on the basis of
the dihedral angles of the chain, with transitions between minima
corresponding to torsional chain dynamics. The ideal-gas and
solvated phase FES were strikingly similar in both structure and
depth of the local minima, indicating relatively little effect of
the solvent interaction on the conformations of the chain.

For the C;4 and C, systems, the diffusion map approach
identified three global order parameters describing the degree
of collapse, location of the bend in the chain, and the handedness
of the chain helicity. Although the overall structure of the FES was
conserved between the ideal-gas and solvated phases, helical coil
conformations were stabilized in the solvated phase relative to the
ideal gas, whereas the collapse pathway corresponding to the tigh-
tening of a loose symmetric hairpin was destabilized. The low-FE
pathway for the collapse of both chains in solvent was observed to
proceed first by a kink and slide mechanism, whereby a kink near
the end of the chain migrates to the middle to form a symmetric
hairpin with a dry interior, followed by further collapse into a
helical coil. These results suggest that the FES and underlying
dynamical motions of n-alkanes of lengths between C;4 and Cyy
are well conserved, although the extent of this range and the
manner in which the short chain behavior merges into this regime
remains to be determined.

Materials and Methods

Molecular Simulations. Solvated phase molecular dynamics simulations were
conducted with the GROMACS 4.0.2 simulation suite (48) employing the
Transferable Potentials for Phase Equilibria potential for the n-alkane chains
(49) and the simple point charge model of water (50). PRODRG2 (51) assisted
in the building of n-alkane topologies. Lennard-Jones interactions were
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smoothly switched to zero at 14 A, whereas real-space electrostatic interac-
tions were truncated at 15 A and the reciprocal space treated with Particle
Mesh Ewald (52). Systems were subjected to energy minimization, 5 ps of
position restrained dynamics, and 1 ns of equilibration, before conducting
30 ns production runs at 298 K and 1 bar maintained by a Nosé—Hoover ther-
mostat (53, 54) and Parrinello-Rahman (55) barostat. Snapshots were saved
every 1 ps. Conformationally biased (56), ideal-gas Monte Carlo simulations
were conducted for 150,000 steps, saving snapshots every fifth step.

Solvent-Excluded Cavity Volumes. A 0.2-A cubic mesh was placed over the
simulation box and the solvation cavity defined as those cells for which
the insertion of a 3.75-A spherical probe into the center of the cell did
not result in overlap with any water O atom centers (42). The probe radius
was selected so as to result in a probability of zero overlap insertions in bulk
water of less than 1077 (57).
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Eigenvector Computation. The top 20 eigenvectors and eigenvalues of
30,001 x 30,001 matrices were computed by the Implicitly Restarted Arnoldi
Method implemented in the Parallel ARPACK libraries (58). Matrix storage
scales as the square of the number of snapshots, but is independent of
ostensible system dimensionality.
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