1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Chem Theory Comput. Author manuscript; available in PMC 2017 December 13.

-, HHS Public Access
«

Published in final edited form as:
J Chem Theory Comput. 2016 December 13; 12(12): 6130-6146. doi:10.1021/acs.jctc.6b00757.

Uncovering Large-Scale Conformational Change in Molecular
Dynamics without Prior Knowledge

Ryan L. MelvinT, Ryan C. Godwin', Jiajie Xiao®, William G. Thompson™ll, Kenneth S.
Berenhaut*, and Freddie R. Salsbury Jr.*

TDepartment of Physics, Wake Forest University, Winston-Salem, North Carolina 27109, United
States

*Department of Mathematics & Statistics, Wake Forest University, Winston-Salem, North Carolina
27109, United States

Abstract

As the length of molecular dynamics (MD) trajectories grows with increasing computational
power, so does the importance of clustering methods for partitioning trajectories into
conformational bins. Of the methods available, the vast majority require users to either have some
a priori knowledge about the system to be clustered or to tune clustering parameters through trial
and error. Here we present non-parametric uses of two modern clustering techniques suitable for
first-pass investigation of an MD trajectory. Being non-parametric, these methods require neither
prior knowledge nor parameter tuning. The first method, HDBSCAN, is fast—relative to other
popular clustering methods—and is able to group unstructured or intrinsically disordered systems
(such as intrinsically disordered proteins, or IDPS) into bins that represent global conformational
shifts. HDBSCAN is also useful for determining the overall stability of a system—as it tends to
group stable systems into one or two bins—and identifying transition events between metastable
states. The second method, iIMWK-Means, with explicit rescaling followed by K-Means, while
slower than HDBSCAN, performs well with stable, structured systems such as folded proteins and
is able to identify higher resolution details such as changes in relative position of secondary
structural elements. Used in conjunction, these clustering methods allow a user to discern quickly
and without prior knowledge the stability of a simulated system and identify both local and global
conformational changes.
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1. INTRODUCTION

Molecular dynamics (MD) is an increasingly powerful®-2 and prolific3-7 tool generating
enormous data sets over ever longer time scales®-10 and larger numbers of atoms.”11
Especially useful for predicting dynamics and structures currently inaccessible to
experimental techniques for systems on desired time scales too large for ab /nitio methods,
MD simulations simplify interactions among atoms to classical force laws and propagate
equations of motion forward in time with numerical integration techniques.12 Each
integration step—typically covering 1-4 fs—generates a set of coordinates for every atom in
the system. Even simulations of short (nanosecond) time scales for systems with a few
hundred atoms result in data sets too large for direct analysis by a human.

A typical way of dealing with such large data sets is to bin data into groups based on some
similarity metric.13-16 For example, clustering methods take a set of samples (frames in the
MD context) each with some number of features (atomic coordinates, dihedral angles, etc.)
and assigns a label (cluster number) to each sample such that samples with the same label
are similar while samples with different labels are dissimilar. This vague notion of similaris
usually determined, directly or indirectly, by parameters specified by the user. Such a
parameter might be the desired number of clusters (e.g., K-Means!719), the diameter of a
cluster (e.g., quality threshold2%) or how sharply peaked the Gaussian distributions within
the data are believed to be (e.g., mean shift?1). Many such clustering methods exist, 2223 and
some have been adapted to or specially created for MD.24-34 However, parameter selection
for these algorithms requires some a priori knowledge or trial and error from the user—a
requirement that can be prohibitive when initially exploring a trajectory. Shao et al. in 2007
offered a critical review of clustering algorithms applied to MD, discussing the bias
introduced by parameter selection.34

With this sort of first-pass exploration in mind, we demonstrate the usefulness of two
recently developed clustering techniques for analyzing MD trajectories. The first method,
Hierarchical Density-Based Spatial Clustering of Applications with Noise
(HDBSCAN),35:36 has two parameters. The first parameter, minimum cluster size, is
intuitively set by answering the question, “What’s the smallest cluster | would care about?”
If the user has no answer to this question, then there is the obvious choice of a minimum
cluster size of 1. The second parameter, minimum samples, is less intuitive and defines what
a neighborhood is in the sense of K-Nearest Neighbors.3” The algorithm’s authors
recommend setting the minimum samples value equal to the minimum cluster size value,3°
such that the minimum cluster size is also the minimum neighborhood size in the
algorithm’s initial density estimate, reducing this algorithm to a single parameter. Therefore,
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the sensible default of 1 for minimum cluster size makes this method an excellent
exploratory, first-pass clustering algorithm. The second method, Intelligent Minkowski-
Weighted K-Means (iIMWK-means) with explicit rescaling followed by K-Means38 (herein
called “Amorim—Hennig” after the two authors proposing it), uses a parameter that
conceptually reduces to a selection of distance metric.38:39 For MD trajectories we select the
parameter analogous to a Euclidean distance metric (see Methods). Having no other
parameters beyond the distance metric, this method is likewise excellent for first-pass,
exploratory clustering.

As the name implies, HDBSCAN (abbreviated “HDB” in figure captions) is a density-based
clustering algorithm that yields a hierarchical clustering. However, rather than cutting the
resulting dendrogram at one place, it selects clusters from multiple levels of the tree. Like
other density-based clustering algorithms,*° HDBSCAN searches for regions of feature
space with a high density of points separated by regions with low density. Rather than
having the user specify a quantitative meaning for high density, the HDBSCAN algorithm
instead scans over various definitions of /igh density and keeps clusters from various
values.3%:36 That is, HDBSCAN can find clusters of varying densities and arbitrary shape,
making it a flexible algorithm appropriate for initial exploration of a trajectory. Additionally,
HDBSCAN can label a sample as “noise” (“~1" in all figures herein) if it does not fall into
any cluster (or if it falls into a cluster smaller than the minimum cluster size). In the present
study, we apply HDBSCAN exclusively to MD trajectories. However, it has been tested in a
variety of contexts of which we cite a few examples.3641-45 For example, HDBSCAN has
been used to improve querying databases for location-based services*! and anomaly
detection in signal processing.3 (For a more complete conceptual explanation and a toy
example of HDBSCAN, see Methods.)

Amorim-Hennig (abbreviated “A-H" in figure captions) is a variant of K-Means that does
not require specification of the number of clusters. Rather, it uses a clustering method iK-
Means, 3946 which can be used to overestimate the number of clusters in a data set,* to set a
maximum number of clusters and then applies a rescaled variant3® of IMWK-Means*’ which
selects a number of clusters—Iess than or equal to the maximum number—by optimizing
some cluster validity index#849 (i.e., scoring metric). In our examples below, we use the
silhouette index, which quantifies how similar a given member of a given cluster is to every
other member of that cluster.%0 In 2015, de Amorim and Hennig discussed various cluster
validity indices that can be used with this clustering algorithm.38 For a more complete
comparison of cluster validity indices, see the extensive comparative study by Arbelaitz et
al.*8 and the R package NbClust.>1 Amorim-Hennig clustering is iterative, using the result
of clustering round 7to assign feature weights that are used in round /1. The algorithm
iterates until no change occurs between rounds. After the optimal feature weights are
determined, the weighted data are then passed to the standard, likewise iterative, K-Means
algorithm.38 While K-Means is biased toward spherical Gaussian clusters and the feature
rescaling is similarly biased when using the euclidean distance metric as we do here, the
spherical clusters in the final rescaled data are not necessarily spherical in the original data.
Therefore, like HDBSCAN this method is capable of returning clusters of varying shape and
density. Additionally, Amorim—Hennig addresses noise in data through its feature rescaling,
i.e., a noise point would receive a low weight, whereas HDBSCAN labels the noise point as
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such. Like HDBSCAN, Amorim—Hennig has been tested in a variety of contexts.38:52-56 For
example, Amorim-Hennig has been applied to data mining for tumor subtype discovery>2
and investigating the topology of neural systems.>3 (For a more complete conceptual
explanation of Amorim—Hennig, see Methods.)

In the present study, we test both clustering methods on all-atom MD trajectories of both
proteins and nucleic acids. Our first protein example is the MutSa complex®’—a DNA
mismatch repair protein complex—in the presence of cisplatinated c/s-
diamminedichloroplatinum(I1)-DNA. This complex is of particular interest due to the
chemotherapeutic nature of DNA treated with cisplatin.>3-61 This complex has been the
subject of MD simulations with clustering analysis to identify rare-conformations that might
be involved in apoptotic pathways in order to identify possible new lead compounds for drug
discovery.52-87 Next, we examine the NF-xB Essential Modulator (NEMO) zinc finger
domain. It is a 28-residue zinc-binding protein with a 3CYS1HIS active site and is a known
ubiquitin binder.88 NEMO is a diverse signaling protein that contributes to cellular
regulation processes including apoptosis, oncogenesis, and inflammatory responses.8-70 We
present clustering results of two biological configurations of NEMO: one with protonated
active-site cysteines (CYS) and zinc absent, the other with deprotonated cysteines and a
tetragonally coordinated zinc in the active site (CYNZN). Next, we present a folding
simulation of the fast-folding villin headpiece protein.”® In the course of exploring folding
processes and the formation of secondary structures, the clustering methods presented here
offer a way to define the intermediate states and reveal portions of the folding pathway. Such
simplification of MD trajectories may speed drug and chemotherapeutic development by
identifying structural ensembles.

We conclude our protein examples with unliganded apothrombin in a solution environment
with sodium ions. Thrombin has been shown to induce tumor growth, metastasis,
angiogenesis,’2 and even tumor invasion via interactions on cell surfaces.”® Additionally,
thrombin is a central protease with allosteric regulation in the coagulation cascade.”*77 Its
different activities as a procoagulant and anticoagulant are thought to highly correlate to
thrombin’s conformational states.”®-81 In particular, in the presence of sodium, thrombin can
adopt a pro-coagulant (the so-called “fast” form) conformational state, which is structurally
distinct from the anti-coagulant (the so-called “slow” form) one when sodium is absent.82-90
However, as the protein is not rigid, our clustering results help illustrate the conformational
ensembles of the thrombin fast form.

We also include two nucleic acid examples: First is a therapeutic 10mer of FAUMP (5-
fluoro-2”-deoxyuridine-5"-O-monophosphate, also called F10) in both stabilizing and
destabilizing solvent conditions. The fluoridated oligonucleotide F10 is cytotoxic¥1-94 and is
demonstrably more efficacious as a therapeutic and better tolerated in vivo%>—9 than the
widely used 5-fluorouracil (5-FU).99:190 Second, we present clustering on a trajectory of
thrombin-binding aptamer, a single-stranded DNA 15mer (herein “15-TBA”).101 With a
guanine-enriched sequence, 15-TBA can fold into a G-quadruplex structure and recognize
fibrinogen’s binding site on thrombin.74.101
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2.1.1. MutSa—Clustering on protein a carbon atom coordinates with HDBSCAN on two
concatenated trajectories (totaling 500 ns) of MutSa in the presence of cisplatinated DNA
assigned each concatenated trajectory to its own cluster (Supporting Information, Figure
S1). This clustering result indicates that in both environments MutSa exhibits a stable global
structure, as is expected of a folded, functional protein. As will become apparent with
additional examples, this assignment to one or two clusters by HDBSCAN is typical for
stable systems such as folded proteins—e.g., this MSH26 heterodimer of MutSa.

On the same concatenated trajectories of MutSa, Amorim—Hennig splits the first of the two
concatenated trajectories into two bins and assigns the second trajectory to the same bin as
the initial structure of both simulations (Figure 1). Visualizing these clusters (see Methods),
we see that the differentiation between clusters 1 and 2 (Figure 1c,d) is the loss of secondary
structure as the g sheet in the bottom right of the figures is lost, along with the a helix in the
lower left of each panel. Though the nucleic acid’s atoms were not involved in clustering, we
notice that the loss of B sheet is accompanied by a shift of the DNA toward the center of the
protein.

In this first example, we see the usefulness of HDBSCAN to quickly indicate the stability of
a system, which will become clearer by contrast with upcoming examples of highly
unstable, disordered systems (see Figures 3, 6a, and 7, below). Additionally, we see that
while HDBSCAN detects large-scale, global shifts in protein structure (Figures 3 and 7),
Amorim-Hennig detects local, small-scale shifts, such as changes in relative position of
nearby secondary structures (see Figures 1, 2, and 5). In this example (Figure 1) and all that
follow, we visualize structures from the results of whichever clustering method we found to
be most meaningful and include structures from the other technique in Supporting
Information.

2.1.2. NEMO Zinc Finger—Clustering on a carbon coordinates of a zinc-bound protein
of human NEMO zinc finger with HDBSCAN vyielded 22 clusters, with only 2.1% of the 98
304 trajectory frames labeled as noise (Figure 2a) and 75% of them placed into the most
populated cluster (Figure 2c). Here we see HDBSCAN?’s utility in identifying a stable
system. Additionally, HDBSCAN has binned the trajectory frames into a manageable
number of distinct conformations. Comparing the top two clusters by population (Figure
2c,d) reveals that HDBSCAN detected the N-terminus destabilization in the form of partial
destabilization of the a helix on the right of each panel. In cluster 1 (Figure 2c) we see more
turns in the a helix than in cluster 11 (Figure 2d).

By comparison, on the non-zinc-bound structure of NEMO zinc finger, HDBSCAN yielded
976 clusters, with 42.03% of the 125 000 trajectory frames labeled as noise (Figure 3a). This
high-number, high-noise clustering result suggests that the zinc-less NEMO structure is
intrinsically disordered, as there were no stable structural bin into which many frames could
be placed. The highest population non-noise cluster contains just 2.35% of the trajectory
with the next highest population cluster containing 1.25%. Visualization of the top four non-
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noise clusters by population (Figure 3b—f) shows that HDBSCAN has captured intermediate
stages of secondary structure formation and destabilization. While 976 clusters is still
excessive for analysis by a person, analyzing the highest population HDBSCAN clusters
provides a quick overview of what types of structures form in simulations of this disordered,
unstable protein. We again see HDBSCAN?’s utility in identifying the stability of a system,
and here we see HDBSCAN’s ability to identify distinct structural ensembles within an
unstable system.

On the zinc-bound NEMO structure, Amorim—Hennig clustering yields two bins with a
distinct structural difference. The loop between the a helix and g sheet straightens and
elongates (top of Figure 2e,f). Using the shadows—representing the width of the underlying
distribution—to judge uncertainty in the clusters, we see that frames within cluster 0 (Figure
2e) generally exhibit this loop straightening. Amorim—Hennig has uncovered a distinct shift
in secondary structure. Here we see the utility of Amorim—Hennig to identify finer details
(compared to HDBSCAN) within a relatively stable system.

On the non-zinc-bound NEMO structure, Amorim—Hennig clustering once again yields two
bins. However, visualizing these two clusters (Supporting Information, Figure S2) reveals
that the frames within each cluster have little structural similarity. By comparison to its
performance on a relatively stable system, zinc-bound NEMO, we see that Amorim—Hennig
provides meaningful clusters for a stable system but fails to do so for an unstable one.
Additionally, one might run a second pass of the most populated clusters from HDBSCAN
with the Amorim-Hennig algorithm for higher resolution of the conformational fluctuations.

2.1.3. Villin Headpiece—Amorim-Hennig clustering on a carbon atoms of three
concatenated 6 /s trajectories of villin headpiece yielded nine clusters (Figure 4a).
Calculating the average RGYR of each cluster revealed that the Amorim—Hennig clusters
were differentiated primarily by the level of compactness of the clusters. Cluster 5 (Figure
4d) is the most compact with an RGYR of 12.48 A. Cluster 7 (Figure 4e) is the least
compact with an RGYR of 25.17 A. We also see additional searching for the final folded
conformation when comparing clusters 0, 5, and 8 (Figure 4c, d, and f, respectively).

The HDBSCAN in Figure 4b also recognized several stable structures. Visualizing the top
six clusters by population revealed that HDBSCAN had found stable folding intermediates
(Supporting Information, Figure S3). In this example, both clustering methods identified
distinct conformations. However, on this system Amorim—Hennig was most useful in
identifying potential folding pathways, that is, the conformations of various stages of folding
as evaluated with RGYR.

2.1.4. Thrombin—Amorim—Hennig clustering on a carbon atoms of five concatenated
trajectories (10 000 frames each) of thrombin in the presence of sodium, a known binder to
the fast form of thrombin, yielded six clusters—mostly splitting across trajectories (Figure
5a). These clusters primarily represent various fluctuations of several functional sites
including the ¥ loop, 60s loop, and exosite Il (Figure 5). The visualization of the additional
frames from each cluster as shadows shows that each of these clusters is relatively tight,
indicating that this system is highly stable. Additionally, while HDBSCAN finds additional
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transient states, the HDBSCAN time series (Figure 5b) is dominated by stable structures,
differentiated primarily by individual simulations. Visualizations of representative structures
of the most populated clusters from HDBSCAN (Supporting Information, Figure S4) show
that the structural differences between the dominant clusters mainly occur at the flexible »
loop and the light-chain termini, likely due to the high variation in position from their
mobility. This suggests, for the globally stable thrombin, HDBSCAN mainly captures the
large scale conformational shifts, while the Amorim—Hennig clustering is able to pick out
higher resolution details.

2.2. Nucleic Acids

2.2.1. F10—Clustering on heavy atom coordinates of F10 in 150 mM NaCl with
HDBSCAN vyields mostly noise (1) and 126 clusters, the largest of which comprises 1.4%
of the trajectory frames (Figure 6a and Supporting Information, Figure S5). This clustering
output from HDBSCAN implies that F10 is highly unstable in these solvent conditions, as
expected of a single strand of DNA in the presence of monovalent ions.193-197 On this same
system, Amorim—Hennig places all frames into two bins with little structural similarity
within each bin (Supporting Information, Figure S6). As seen with non-zinc-bound NEMO
(Figure 3), we once again find that Amorim—Hennig performs poorly on unstable systems.

Clustering on heavy atom coordinates of F10 in another solvation condition, 150 mM CacCly,
with HDBSCAN yields less than 1% noise (—1) and six clusters (Figure 6b and Supporting
Information, Figure S7). Both F10 trajectories are concatenated from four simulations
beginning respectively at frames 1, 1001, 6001 and 10 001. For F10 in the presence of
calcium, HDBSCAN primarily split up the trajectories, indicating that in each of the
concatenated simulation F10 finds a different stable conformation. This high level of
stability is expected of a single strand of DNA in the presence of divalent ions.103-107

Since HDBSCAN indicates F10 is stable in 150 mM CaCls, our examples above suggest
that Amorim—Hennig gives finer resolution, showing local, small-scale changes in F10’s
structure. Clustering on heavy atom coordinates of F10 in 150 mM CaCl, with Amorim—
Hennig yields five clusters (Figure 6¢). While this algorithm splits the first and final two
trajectories crisply, suggesting highly stable structures in those trajectories (confirmed by
visual inspection, Supporting Information, Figure S3), the second trajectory (frames 1001—
6000) is primarily split into three clusters, indicating more structural variation in this
simulation relative to the other three. Visualizing these three clusters shows three clearly
distinct conformations (Figures 6d-f).

This example elucidates HDBSCAN’s utility in quickly identifying stable and unstable
systems (Figure 6a compared to Figure 6b). We also see Amorim-Hennig’s utility in
providing details of structural changes within a relatively stable system (Figure 6¢).

2.2.2. Thrombin Aptamer—Clustering on heavy atom coordinates of the refolding 15-
TBA with HDBSCAN yields 27% noise and 199 clusters (Figure 7a) the largest of which
(Figure 7c) comprises 16.90% of the frames. This clustering output from HDBSCAN
implies that in the refolding process, the aptamer is mostly unstable with occasional short-
lived stable states (Figure 7c-f).
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Interestingly, the Amorim—Hennig clustering on the same data sets of three 8.5 s refolding
simulations of the aptamer mainly outputs several long-lived clusters that are distinct from
the ones corresponding to each other trajectory. Clustering on heavy-atom coordinates of 15-
TBA with Amorim—Hennig yields seven clusters (Figure 7b and Supporting Information,
Figure 10). Whereas the HDBSCAN clusters were fairly tight (see shadows representing
uncertainty in Figures 7c—f) the Amorim—Hennig clusters are highly varied within each
cluster. Here we once again see Amorim—Hennig performing poorly on an unstable system.
For such systems, Amorim—Hennig favors a small number of clusters, forming highly varied
clusters with little structural similarity. As seen here and in previous examples, HDBSCAN
works well for deciding the stability of a system and locating distinct conformations within
an unstable system. Amorim—Hennig works well for finding small structural changes within
a stable system.

2.3. Summary and Additional Systems

In the above examples, we used HDBSCAN to determine the stability of systems (Figures
2a, 3a, 4b, 5b, 6a, 6b, and 7a). In the case of unstable and highly disordered systems, we
used HDBSCAN to pick out distinct conformations despite a molecule’s relative disorder
(Figures 3c—f and 7c—f). In the case of stable systems, we used Amorim—Hennig to find the
structural details, i.e., local variations in secondary structure (Figures 1b—d, 2c,d, 4c—f, and
5c¢c—f). Additionally, Amorim—Hennig identified distinct conformations for a nucleic acid in
stabilizing salt conditions despite the fact the nucleic acid had no clear secondary structure
(Figure 6d-f).

Beyond these examples, we ran clustering trials on several more systems in the course of
investigating these two algorithms. We have summarized these additional examples, along
with the ones presented above in Table 1. Here we present the system time and memory
consumed by each clustering run along with a brief written summary of the clustering
results. Across these additional examples, the trend of HDBSCAN being useful for (1)
determining the stability of a system and (2) picking out distinct conformation ensembles
from disordered systems continues. Similarly, Amorim—Hennig continues to be useful for
finding fluctuations of various secondary structures within stable, ordered systems. Put
simply, HDBSCAN is about the big picture, and Amorim—Hennig is about the details.

We also notice a correlation between a biopolymer’s average Root Mean Square Fluctuation
(RMSF) and the method that seemed to give the most meaningful clusters (as discussed
above and in Table 1). For systems with an average RMSF less than 2 A, we consistently
observed distinct conformational changes across Amorim—Hennig clusters and gained little
information beyond deciding the stability of the system from HDBSCAN clusters
(Supporting Information, Figure S22). This quantitative observation is consistent with our
qualitative conclusion that Amorim—Hennig is the better choice for stable systems. Similarly,
we observed that HDBSCAN provided more meaningful clusters for polymers with an
average RMSF larger than 5 A (Supporting Information, Figure S22), which is likewise
consistent with our conclusion that HDBSCAN is best for more systems with higher
structural variance. Systems with average RMSFs between 2 and 5 A had no clear pattern
(Supporting Information, Figure S22).
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Since Amorim—Hennig is a K-Means variant that optimizes a scoring metric, one might
wonder how searching over values of kAwith traditional K-Means clustering and selecting the
kwith the highest, say, silhouette score might compare to Amorim—Hennig using silhouette
index as the value to optimize. We compared these two methods (Supporting Information,
Figure S21) and found that Amorim—Hennig tends toward more, tighter clusters than K-
Means using a & that maximizes the silhouette score.

3. METHODS

3.1. Data Generation and Feature Selection

With the exception the simulations of F10 in the presence of magnesium, 117 all of the
simulation data sets analyzed here are unpublished and generated in the course of ongoing
research projects by the authors. They are each from all-atom MD simulations carried out by
at least one of this study’s authors. These simulations calculate atomic trajectories based on
Newton’s laws of motion. For a recent review of the utility of such MD trajectories, see
Godwin et al.# The exact simulation parameters used for generating each data set are
detailed in the subsections below.

For all clustering performed here, we used only atomic Cartesian coordinates as features.
Some set of internal coordinate(s) for each system would be preferred, as such a selection
avoids the alignment issues that tend to plague analysis of MD trajectories.2?:118.119 That s,
it is difficult to separate out overall and internal motion of biopolymers when using
Cartesian coordinates.2® However, the selection of an internal coordinate requires some prior
knowledge about the system, or introduces bias based on some assumption about the system.
Therefore, we assume the philosophical position of maximal ignorance and select Cartesian
coordinates as features for testing HDBSCAN and Amorim—Hennig as first-pass clustering
techniques for MD data.

Beyond aligning trajectory frames to the initial structure of each respective simulation, we
did not standardize data to a common scale. All features are on length scale of the particular
biopolymer in a given simulation. This similarity of scale is assured by structural alignment
via rigid body rotations and translations to minimize the root-mean-square deviation of
atomic positions among frames. Pre-processing MD trajectories in this fashion is a common
and expected practice.34120.121 Selection of an additional standardization method may
introduce some bias. Therefore, our guiding principle of assuming maximal ignorance
reinforced our decision to not further standardize the data sets.

Generation of MD data is inherently stochastic, as simulations begin with randomly seeded
initial velocities. Additionally, the equations governing the Langevin heat baths that
maintain the temperature of the systems are themselves stochastic. Finally, these
biopolymers undergo thermal fluctuations proportional to the ambient temperature (here 300
K). By the nature of MD trajectories, we expect small random structural variations to create
noise in our data—and any such data. Therefore, clustering techniques that are able to
address noise—either through feature rescaling in the case of Amorim—Hennig or labeling
points as noise in HDBSCAN—fit the nature of MD data well.
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Another property of MD data is that they are often high dimensional, particularly when
using Cartesian coordinates for features, as we have here. The only form of dimensionality
reduction applied here was the typical—and, therefore, maximally ignorant—usage of only
a carbon atoms for proteins and only heavy atoms for nucleic acids. The number of atoms
used in each clustering trial (a carbons for proteins and heavy atoms for nucleic acids) is
listed in Table 1. Each atom has three coordinates, making the number of input features for
the smallest system 3 x 28 = 84 in the case of NEMO. For the largest system, the humber of
features was 3 x 1829 = 5487 in the case of MutSa. We do, however, see the potential for
PCA and TICA122 s pre-processing steps to reduce the data to a few high variance
components. Such a dimensionality reduction would improve the time and memory taken up
by clustering calculations. We did not pursue these steps here, as we quickly realized that
clustering with Amorim—Hennig and HDBSCAN on Cartesian coordinates was giving us
relatively fast yet interesting partitions that we considered (admittedly with some
arbitrariness) good enough for a first pass exploratory clustering.

3.1.1. Common Simulation Parameters—We used simulation parameters appropriate
to each system and recommended for the simulation the software used, ACEMD.123 The
parameters for each simulation vary due to the nature of the projects from which they come.
Rather than trying to standardize the sampling rate, statistical ensemble, solvent conditions
or any other parameters, we have intentionally left them varied to demonstrate the usefulness
of these clustering techniques across many contexts. However, this choice means that there
is not a single methodology for all simulations. Therefore, we provide this “Common”
subsection that gives parameters common to all simulated systems and then one subsection
for each of our four protein and two nucleic acid examples.

All protein simulations (Figures 1-5) and the thrombin aptamer simulation (Figure 7) were
run under the isothermal—isobaric ensemble (NPT) in ACEMD.123 Langevin damping?24
was used with a target temperature of 300 K and damping coefficient of 0.1, and a
Berendsen pressure piston!2> maintained approximately 1.01325 bar with a relaxation time
of 400 fs. In all simulations, hydrogen mass repartitioning as implemented in ACEMD
allowed us to use 4 fs time steps in our production runs. During simulation, systems were
held at 300 K using a Langevin thermostat. For VdW and electrostatic forces, we applied a 9
A cutoff and 7.5 A switching distance, calculating long-range electrostatics with a Smooth
Particle Mesh Ewald (SPME) summation method.126:127

These simulations were run on Titan GPUs in Metrocubo workstations produced by
Acellera. All systems were solvated in explicit TIP3P water,128 solvated using VMD’s102
“Add Solvation Box” extension. The CHARMM27 force field used here is based on the
interaction energies of small model systems determined by both quantum mechanics
computations and direct experiment,123-131

3.1.2. MutSa—Initial coordinates for simulations of the MSH2/MSH6 protein come from
RCSB Protein Data Bank (PDB) ID 208E.>7 For cisplatinated, carboplatinated and
fluoridated uracil-containing DNA, we used additional parameters based on pre-existing
cisplatin, carboplatin, and FdU parameters.85:132-134 W fitted cross-linked structures of
these modified DNA strands into the mismatched DNA binding pocket seen in RCSB PDB
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ID 208E.57 All MutSa systems were solvated in 150 mM NaCl using VMD’s “Add lons”
plugin. Each trajectory is concatenated from two simulations of 250 ns each. Each MSH2/6
simulation was minimized using conjugate gradient minimization for 1000 time steps
followed by 250 ps of thermal equilibration.

3.1.3. NEMO Zinc Finger—Initial coordinates for the NEMO simulations are based on
RCSB PDB ID 2JVX.58 Each NPT simulation was first minimized using conjugate gradient
minimization for 5000 time steps. Subsequent equilibration took 20 ns, typically, as
measured by the RMSD of each of the eight 1 /s trajectories over time, and this was
removed from each trajectory for analysis. All NEMO systems were solvated in 150 mM
NaCl using VMD’s “Add lons” extension.

3.1.4. Villin Headpiece—Initial coordinates for simulations of villin headpiece are based
on RCSB PDB ID 2RJY.”! Each villin headpiece folding simulation was minimized using
conjugate gradient minimization for 5000 time steps. All villin systems were neutralized and
solvated in 150 mM NaCl using VMD’s “Add lons” plugin. The trajectory presented here is
from three simulations of 6 s each concatenated together.

3.1.5. Thrombin—Initial coordinates for simulations of thrombin in the presence of
sodium are based on RCSB PDB ID 4DI1.191 Eighteen out of 295 missing residues in the
protein were added via the structural template-based atom fill-in tool Modeler in VMD, and
the missing hydrogen atoms were added by VMD using standard parameters. The system
was neutralized and solvated with 125 mM NaCl. Each of these simulations was minimized
using conjugate gradient minimization for 1000 time steps. The trajectory analyzed here is
concatenated from five simulations of 1 /s each.

3.1.6. F10—F10 structures in Figure 6 are output from MD simulations run under the
canonical ensemble. Each F10 simulation was minimized using conjugate gradient
minimization for 1000 time steps. For the examples above, F10 was simulated in 150 mM
NaCl or 150 mM CaCl,. Prior to structural and kinetic analysis of all F10 simulations, we
concatenated data from four runs of each system (one 1 /s and three 5 /5), totaling 16 /s in
each trajectory used as input for the clustering algorithms. We then resampled the data at a
rate of one frame every 1 ns for a final trajectory of 16 000 frames. We used a modified
version of the CHARMM27 force field with additional parameters for FdU based on
experimental data and quantum mechanics computations done by Ghosh et al.134 and
validated in other studies.133.135

3.1.7. Thrombin Aptamer—Three NPT MD simulations were run to investigate how a
fully extended 15-TBA refolds within about 8.5 ys. The initial extended aptamer structure
was taken from the unfolding simulation of the same aptamer in G-quadruplex from RCSB
PDB ID 4DI1.101 The system in the refolding simulations was neutralized and solvated with
125 mM KCI. The trajectory analyzed in this work is concatenated from three simulations of
8.5 15 each. Each of these simulations was minimized using conjugate gradient
minimization for 1000 time steps
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3.2. Clustering

3.2.1. HDBSCAN—Conceptually, HDBSCAN is a method of grouping neighborhoods. It
finds places of high density separated by sparse (noise) regions. To quickly estimate local
densities, HDBSCAN uses distance to the Ath nearest neighbor. Imagine two points aand 6
in a data set such as the toy data in Figure 8a. Each of these points lies in a neighborhood
specified by a core point and the number of neighbors k. The distance from the core point to
the edge of the neighborhood is called the core distance. These two points have core
distances corey(a) and core(b). For these two points we can calculate the mutual
reachability distance,36

dm(a,b)=max{coreg(a), coreg(b), d(a,b)}

where d(a,0) is the distance between gand 4, i.e., Euclidean distance for this example and all
MD trajectories analyzed in this study.

Given the mutual reachability distance between all points, we can construct a network that
has each data point as a node with edges weighted by the mutual reachability distance. We
then want to begin removing edges in descending order of their weight until we have a

minimal set of edges. A minimal set of edges in this case would be one in which removing
any more edges would cause disconnected components, such as removing any edge in

Figure 8b. The graph constructed in such a way is called a minimum spanning tree and can
be constructed programmatically using Prim’s algorithm,*37-139 as was done in Figure 8b.

We then construct a dendrogram from the minimum spanning tree by performing a
hierarhical clustering. Each edge in the minimum spanning tree—in ascending order or
distance—is used to merge the two points at its ends into a new cluster (single-linkage
clustering). Each merging is represented by two joining lines in the dendrogram of Figure
8c. Traditional hierarchical clustering now calls for cutting the tree at a certain distance
(usually specified by the user). However, HDBSCAN uses its minimum cluster size
parameter to cut the tree at multiple points. Walking from top to bottom of the tree, any split
that causes a cluster size smaller than the minimum is rejected, and the parent cluster is kept.
The resulting dendrogram is a condensed tree (Figure 8d), where the width of the remaining
lines indicates the number of points in the cluster. The lines change as distance (or inverse
distance A in Figure 8d) changes to indicate the number of points that remain in that cluster
as a function of distance.

HDBSCAN extracts then the most significant clusters from this condensed tree. HDBSCAN
uses its own, novel cluster stability metric3® to select clusters from multiple levels of the

dendrogram by maximizing cluster stability. Campello et al. claimed this algorithm finds the
optimal solution for any data set and demonstrate its performance across several data sets.3°
The circled regions on Figure 8d indicate the final clusters chosen using this stability metric.

We used a Python141 implementation of HDBSCAN written by Leland Mclnnes and
available in his Github repository (see Figure 8 caption). The examples in the documentation
of this repository were useful and closely followed in constructing our simple example in
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Figure 8d. To automate the parsing of MD trajectory data into an appropriate input format
for HDBSCAN and the output of HDBSCAN into plots for quick comprehension, we used
an in-house script that we have made available online for free via figshare.142 This code has
as a dependency the HDBSCAN code from the Github repository mentioned above. Our
code sets the default minimum cluster size to 2 but allows the user to override this default.
We used a minimum cluster size of 2 in all of our MD data, as our simulation sampling rates
were such that we considered singleton states to be noise. Following the algorithm authors’
suggestion,35:36 the minimum samples is set equal to the minimum cluster size, meaning that
the smallest neighborhood is at least as large as the minimum cluster size. We maintain that
in the absence of prior knowledge setting the minimum cluster size to 1 effectively makes
this clustering method non-parametric and exceptionally useful for first-pass investigation of
an MD trajectory.

We have made the Python code used to produce the example in Figure 8 available online.142
Furthermore, for those wishing to reproduce the analysis described here on one of our MD
data sets, we have made the trajectory and structure data for villin headpiece used to produce
Figure 4 available online (figshare.com/articles/Villin_Headpiece_Simulations/3983526).

3.2.2. Amorim—-Hennig—Being a K-Means variant, Amorim—Hennig is conceptually
somewhat simpler than HDBSCAN. The Amorim—Hennig algorithm forms spherical
Gaussian clusters in a rescaled feature space. First, the algorithm estimates a maximum
number of K-means clusters using iK-Means, and then a round of K-Means clustering is
performed. The distance of each data point in each cluster to that cluster’s center is
calculated, and the data are rescaled on the basis of these distances for another round of
clustering. The exact weights used in rescaling depend on the cluster validity index (scoring
metric) the user has chosen to optimize.

Here we use the silhouette index, which is a number on the interval [-1,1] assigned to each
point. Scores generally fall between the extrema, but an understanding of these special cases
provides intuition into the silhouette index. A score of 1 for a given point means that point is
more similar to its own cluster than any other cluster (i.e., an ideal clustering); 0 means the
point falls exactly on the boundary between two clusters; —1 means the point is more similar
to a neighboring cluster than its own.

Intuitively, this feature rescaling based on the scoring metric means that in the next round of
clustering tightly packed points are likely to be clustered together once again but less dense
clusters may be split up and/or merged into nearby clusters. This process is repeated until
clusters no longer change between rounds of clustering. The reweighted data set out of the
final (converged) round of clustering is then clustered once more with K-Means.

Starting by predicting a maximum number of clusters with iK-Means,3246 this method
applies a rescaled variant38 of iMWK-Means*’ to the data set, selecting a number of clusters
that optimizes a scoring metric.484° One of the algorithm’s authors has made a Matlab
implementation available on his Web site (homepages.herts.ac.uk/~comqra/). He has also
made available a Python implementation of the underlying algorithm, rescaled iIMWK-
Means,*’ on which this method expands (sourceforge.net/projects/unsupervisedpy). Using
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the code available on Sourceforge and the algorithm described by de Amorim and Hennig in
2015, we wrote a Python implementation of Intelligent Minkowski-Weighted K-Means
(iIMWK-means) with explicit rescaling followed by K-Means3® (which we have called
Amorim-Hennig in this work). We have made our Python implementation available for free
on figshare.142 Our code has as dependencies the modules in the Sourceforge repository
mentioned above.

In our examples and the Python implementation we have made available, we use the
silhouette index as our scoring metric. This particular cluster validity index quantifies how
similar a given member of a given cluster is to every other member of that cluster.>0 The
authors’ Matlab implementation, mentioned above, provides options for using additional
scoring metrics.

For the reweighting of points after each clustering iteration, we set a default Minkowski
metric of 2 in our Python implementation. The Minkowski metric pis defined by the
distance equation for points aand 6 in an A-dimensional space:

1/p

N
d=(3_lai=bil")
i=1

where 7denotes the th coordinate for the given point. The most common values for the
Minkowski metric are p= 2, making d Euclidean distance; p= 1, making d Manhattan
distance; and p — ©o, making @the Chebyshev metric.4” Some studies—of which we cite a
few examples®”:143-149__have probed the use of various Minkowski metrics across various
contexts. The choice of the default p = 2 comes from the intuitive simplicity of the Euclidean
distance metric and experimental work on various data sets by the algorithm’s authors.3839

3.2.3. Common Computational Resources—All clustering trials were performed on
the Wake Forest University DEAC Cluster, a centrally managed distributed computing
environment. These calculations were allotted eight 2.4 GHz cores and up to 120GB of
RAM. The MD simulations were run on Titan GPUs in Metrocubo workstations produced
by Acellera.

3.2.4. Analysis and Visualization—For parsing, analyzing, and plotting clustering
results, we used the Python packages MDtraj,1%0 a library for analysis of MD trajectories;
Numpy arrays®! for in-memory data storage and processing; and Scikit-Learn,140 a
machine learning library for the final K-Means iteration of Amorim—Hennig and scoring
clustering results with the silhouette index. These packages are dependencies for our freely
available Python scripts.142

Visualizing structures from each cluster required selecting a representative conformation for
each cluster. Using NumPY arrays, we averaged the (3xatoms)-dimensional position vectors
(i.e., trajectory frames) of all a carbon atoms for proteins and heavy atoms for nucleic acids.
We then selected the frame whose position vector has the smallest Euclidean distance from
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the mean vector. Next, to show the variance within a given cluster, we selected 50 evenly
sampled frames from the list of all frames within that cluster.

For the layered images (those with shadows), we separately visualized representative
structures and additional conformers in VMD,192 rendered them with Tachyon52 and
combined the resulting graphics into the images shown here using Pillow, a fork of the
Python Image Library. This visualization method is based on previous work by our research
group, explained by Melvin and Salsbury.153 The choice of 50 evenly sampled frames rather
than, say, standard deviation,153 comes from both algorithms’ ability to form non-Gaussian
clusters of arbitrary shape. The number of frames was selected due to memory limitations
when rendering the images. By trial and error, we selected the number that we could render
for all systems with the computational resources available to us. Secondary structure
visualization in VMD’s NewCartoon drawing method is based on STRIDE.1%4

4. CONCLUSIONS

As the size of MD trajectories grows with the ever increasing computational power available
to researchers, automated methods for simplifying these data sets become crucial analysis
tools. The clustering algorithms applied here to MD trajectories are excellent first-pass
utilities for initial investigation of MD data. Additionally, using the default parameters
suggested by the respective algorithm authors effectively makes these methods non-
parametric. As such, having no parameters to tune through trial and error further increases
their utility for beginning analysis of a new MD trajectory.

After investigating the systems detailed in the Results and Discussion and additional systems
summarized in Table 1, we find that HDBSCAN is ideal for initial investigation of a
trajectory. First and foremost, HDBSCAN is fast (Table 1). The time spent on clustering
using HDBSCAN—a few seconds to a few hours—is negligible compared to the time to
generate a trajectory—a few days to a few weeks. Furthermore, the output of HDBSCAN
provides immediate insight into the stability of the system at hand. High noise percentage
and/or a high number of low population (<1%) clusters indicates an unstable system.
Additionally, for unstable and/or disordered systems, HDBSCAN performs well at picking
out distinct conformation ensembles, if such distinct ensembles exist. For stable systems,
HDBSCAN detects large-scale, global conformational changes—if such changes occur—or
puts all frames into one cluster—if such changes do not occur. These features make
HDBSCAN an excellent first-pass method.

We suspect that HDBSCAN'’s superior performance on disordered systems is due in part to
its ability to discard noise points that might otherwise artificially cause two clusters to
merge, when in bulk the clusters are significantly different. Additionally, we intuit that the
algorithm’s ability to detect large-scale changes in stable systems comes from its capability
to cut the hierarchical clustering dendogram at multiple locations. Its cutting algorithm
optimizes the stability of a cluster, finding the clusters that would be least influenced by
small variations. Translated to structure-based clusters, this optimization would mean
finding the big changes and metastable conformations while ignoring small (local) structural
shifts in the case of stable protein. For a disordered system, this optimization would mean

J Chem Theory Comput. Author manuscript; available in PMC 2017 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Melvin et al.

Page 16

finding any points of relative stability in conformation space. Given this propensity, we
strongly recommend HDBSCAN clustering for IDPs.

If HDBSCAN clustering indicates a system is stable (e.g., <50 clusters or one or more
cluster with population >10%), we find Amorim—Hennig clustering to be a useful next step.
For stable ordered systems such as folded proteins, Amorim—Hennig tends to form clusters
distinguished by small-scale changes in secondary structure. For stable but disordered
systems (i.e., systems without clear secondary structure that nonetheless undergo infrequent
conformational shifts), Amorim—Hennig finds distinct, stable ensembles of conformations.
Amorim-Hennig’s ability to find the details for a stable system likely comes from its feature
rescaling that emphasizes tight clusters. For a stable structured protein, tight structural
clusters would be differentiated by small local changes.

These two complementary clustering methods provide a great deal of initial information
about systems. They are also useful for grouping trajectory frames without prior knowledge
to uncover conformational shifts, as seen in the examples above. In the context of MD
trajectories, HDBSCAN quickly indicates stability and detects large-scale structural
changes, providing big-picture information. Amorim-Hennig provides more fine-grained
details for stable systems. Used in conjunction, these two clustering methods isolate diverse
conformational ensembles in MD trajectories without prior knowledge.

Additionally, we see as an important line of future investigation the combination of these
two clustering methods. Since Amorim—Hennig clustering seems to focus on details, while
HDBSCAN captures big-picture changes, replacing the final K-Means step of Amorim-
Hennig with HDBSCAN may prove fruitful. While we plan to investigate a combination of
Amorim-Hennig and HDBSCAN, we intend to do so as part of a larger study exploring
many pre-processing options for clustering MD trajectories for these and other clustering
algorithms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cluster v. Frame (Amorim-Hennig)

T T T T
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T

L — L
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Frame (0.1ns)

(a) Amorim-Hennig time series

(c) A-H Cluster 1 (d) A-H Cluster 2

Figure 1.
By plotting the MutSa cluster time series (a), we see Amorim-Hennig splits the first of the

two concatenated trajectories into two bins and assigns the second trajectory to the same bin
as the initial structure of both simulations. Comparing clusters 0 (b) and 1 (c), we see the
overall protein close in on itself. From cluster O (b) to 2 (d), we see a S sheet in the upper
left form and a loop near the bottom right move away from the larger structure. We see
another S sheet near the bottom right of the protein that appears in cluster 1 (c) but not in 0
(b) or 2 (d). The representative (solid) structure in each panel is the frame closest to the
average structure by RMSD. The protein is colored by secondary structure in VMD’s102
NewCartoon drawing method: a helices are magenta, g sheets are yellow, r helices are dark
blue, and loops are cyan. Nucleic acid is colored all light blue. Shadows are 50 evenly
sampled frames from the cluster.
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Cluster v. Frame (Amorim-Hennig)
Cluster v. Frame (HDBSCAN)
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Figure 2.
Clustering on a carbon coordinates of a zinc-bound protein of human NEMO zinc finger

with HDBSCAN yielded (a) 22 clusters, with only 2.1% of the 98 304 trajectory frames
labeled as noise, (c) 75% of them placed into the most populated cluster, and (d) 11% in the
second highest population cluster. Amorim—Hennig clustering yields (b) two bins with a
distinct structural difference. This clustering reveals that the loop between the a helix and g8
sheet straightens and elongates (panels e and f).
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Cluster v. Frame (HDBSCAN) Cluster v. Frame (Amorim-Hennig)
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Figure 3.
By plotting the zinc-ubound NEMO cluster time series (a), we see HDBSCAN yielded 976

clusters with 42% of the trajectory frames labeled as noise (-1), indicating a disordered
system. Visualization of the top four non-noise clusters by population shows that
HDBSCAN has captured intermediate stages of secondary structure formation and
destabilization. The protein is colored by secondary structure in VMD’s NewCartoon
drawing method.
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Cluster v. Frame (HDBSCAN) Cluster v. Frame (Amorim-Hennig)
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(a) Amorim-Hennig time series (b) HDBSCAN time series
(¢) A-H Cluster 0: (RGYR) 12.484  (d) A-H Cluster 5: (RGYR) 11.93A
(e) A-H Cluster 7: (RGYR) 25.17A  (f) A-H Cluster 8: (RGYR) 15.90A
Figure 4.

(a) Amorim-Hennig divided this folding simulation of villin headpiece into nine clusters (b)
representing various states of foldedness (c—f). All visualized clusters are from Amorim—
Hennig clustering. Cluster 7 (e) is the most compact, while cluster 5 is the least (d).
Comparing clusters 5 (d), 7 (e), and 8 (f), we see additional searching for a final, folded
conformation. HDBSCAN (b) also detected multiple stable structures, which upon
visualization turned out to be stable folding intermediates (Supporting Information, Figure
S3).
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Figure 5.

Cluster v. Frame (Amorim-Hennig)

Cluster v. Frame (HDBSCAN)
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50000

Amorim-Hennig (a) identified stable states of the system across the five concatenated

trajectories. These clusters (c—f) are differentiated primarily by modes of the y loop, shown
at the bottom of each panel: the so-called “60s loop” shown in dark blue at the right of each
panel and exosite 11 shown at the top of each panel. HDBSCAN (b) identified transient states

among these stable states (Supporting Information, Figure S4).
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Figure 6.

(e) A-H Cluster 4

A 1
5000 10000 15000
Frame (Ins)

(b) F10 in CaCl, HDB time series

(f) A-H Cluster 5

HDBSCAN identified stable (a) vs unstable systems (b), and Amorim—-Hennig provided
finer resolution on structural changes (c—f). Visual comparison of the Amorim—Hennig
clusters of the second of four trajectories (respectively beginning at frame 1, 1001, 6001, and
10 001) confirms that the method uncovered distinct conformations. The fluoridated DNA
strand is colored by residue number drawn with VMD’s NewCartoon method.
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Cluster v. Frame (Amorim-Hennig)
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Figure 7.

HDBSCAN clustering output suggests that the unbound thrombin aptamer is generally

unstable but has some long-lived states. On this system, Amorim-Hennig binned the system

into what appear to be compactness-based bins (Supporting Information, Figure S4).
Thrombin aptamer DNA strand is colored by residue number drawn with VMD’s
NewCartoon method. Visualized clusters are from HDBSCAN.
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Using a toy two-dimensional data set generated with scikit-learn14? (a), we give a conceptual
explanation of HDBSCAN's clustering algorithm. Using mutual reachability distance as the
distance metric, a minimum spanning tree (b) is constructed. This tree solves an
optimization problem such that removing any edge would create disconnected components—
set(s) of nodes not connected to any other set(s). Based on the distances of connected points
in the minimum spanning tree, single-linkage hierarchical clustering is performed (c). Splits
in the dendrogram that create clusters smaller than the minimum cluster membership are
rejected, and the final clusters (d) are determined using HDBSCAN’s novel cluster stability
metric.3® In panel (d), A is inverse distance. The example here is based on a tutorial by
Leland Mclnnes, the author of the Python HDBSCAN implementation, available at
github.com/Imcinnes/hdbscan. Additionally, we have made the Python code for reproducing
our specific example available at figshare.com/articlessHDBSCAN_and_Amorim-

Hennig_for_MD/3398266.
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