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Abstract
Analyzing the data from molecular dynamics simulation of biological macromolecules like proteins is challenging. We propose
a simple tool called PBmapclust that is based on a well established structural alphabet called Protein blocks (PB). PBs help
in tracing the trajectory of the protein backbone by categorizing it into 16 distinct structural states. PBmapclust provides a
time vs. amino acid residue plot that is color coded to match each of the PBs. Color changes correspond to structural changes,
giving a visual overview of the simulation. Further, PBmapclust enables the user to "map" the conformational space sampled
by the protein during the MD simulation by clustering the conformations. The ability to generate sub-maps for specific residues
and specific time intervals allows the user to focus on residues of interest like for active sites or disordered regions. We have
included an illustrative case study to demonstrate the utility of the tool. It describes the effect of the disordered domain of a
HSP90 co-chaperone on the conformation of its active site residues. The scripts required to perform PBmapclust are made
freely available under the GNU general public license.

CCS Concepts
•Applied computing → Molecular structural biology; Bioinformatics; Computational proteomics;

1. Introduction

Proteins mediate all biological functions. The tight correlation be-
tween protein function and dynamics has led to molecular dynam-
ics (MD) simulations becoming an indispensable tool in the bioin-
formatician’s toolbox. A variety of molecular dynamics simula-
tion softwares have been developed to this end. Although perform-
ing molecular dynamics (MD) of biological macromolecules like
proteins is very computationally intensive, recent developments in
computer hardware has enabled longer (micro second scale) sim-
ulations for larger systems [FRE∗06, OMO∗14, SGB∗14]. This re-
sults in the requirement of efficient and innovative tools for analyz-
ing and visualizing MD trajectories.

Monitoring the protein backbone conformation i.e. orientation
of its constituent atoms in 3D space, can be of interest for multiple
reasons like to study domain movement, to study protein-ligand
and protein-protein interfaces, to characterize disordered regions
etc. Traditionally this is achieved by either visualizing 3D snap-
shots from the MD trajectory at regular time intervals or by assign-
ing three state (α-helix, β-strand & coil) or eight state (α-helix, β-
bridge, β-strand, 3-10 helix, π-helix, turn, bend & coil) secondary
structure [HDS96,RC13]. Visualizing snapshots in 3D can be com-
putationally demanding and impractical in many cases as in the
case of long MD trajectories. Assigning secondary structure is fast
and computationally efficient but can hide useful structural infor-

mation, especially from loop regions. Indeed, studies have shown
the existence of "order in disorder" in loop regions by using struc-
tural alphabets [RMNC10].

Structural alphabets are libraries of recurrent structural patterns
in proteins that can be used to approximate protein backbone rep-
resentation.These libraries vary in both the size and number of
the structural patterns. We use a structural alphabet called Protein
Blocks (PBs) developed by de Brevern et al. [BEH00] due to its op-
timal balance of library size and the accuracy in approximating pro-
tein structures. PBs are a 16 state classification of the protein back-
bone based on dihedral (φ & ψ) angles. Each of these 16 structural
patterns are 5 consecutive amino acids defined by eight consecutive
φ-ψ values (Fig. 1). The 16 PBs are denoted by the alphabets a to
p.

It is to be noted that PBs are not a sub-classification of secondary
structure. For example, although PBs l,m,n occur very frequently
in helices, they are not exclusive. That is to say occasionally PBs
like k,o.. can occur in helices, hence capturing sub-secondary struc-
ture information like kinks and bends in helices. The versatility of
PBs to abstract protein structures has been used in various exam-
ples [JAM∗10]. Thus, transforming individual frames from a MD
simulation to PB sequences is an efficient way to represent 3D in-
formation in 2D. Here, we leverage on this representation to pro-
vide an efficient and scalable MD trajectory analysis tool.
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Figure 1: Representative structures of the 16 structural patterns that comprise the structural alphabet Protein Blocks (PB) [BEH00]. PBs
are colored based on the propensity coloring scheme.

2. Current state of the art

Recently, tools have been developed for both specific MD trajec-
tory analysis e.g. analyzing protein-ligand interaction [DHR∗19],
identifying cavities and channels in proteins [JBB∗18] and also
for flexible and customisable analysis e.g. DIVE [RBD14] and
VIA-MD [SLK∗18]. For a extensive review of specialized tools
that have been developed to analyse MD trajectories, see sec-
tion 6 of the article by Kozlikova et al. [KKF∗17]. Currently two
tools are available that help in structural alphabet based analysis
of MD trajectories- GSATools [PFFK13] and PBxplore [BSC∗17].
GSATools is based on a 25 state structural alphabet developed by
Pandini et al. [PFK10]. It provides the user the ability to analyse
correlated local motion and allostery from GROMACS MD trajec-
tories. The structural alphabet used in GSATools was obtained by
hierarchical clustering of the three angles describing the conforma-
tion of four consecutive backbone Cα atoms [PFK10]. PBxplore
is based on PBs and provides an useful representation of the dif-
ferent local conformations exhibited by each residue of the pro-
tein. It also provides an entropic measure called equivalent num-
ber of PBs (Neq) for identifying rigid and flexible regions in pro-
teins [BSC∗17].

3. Overview and implementation

PBmapclust is a new PB based tool that represents changes in
the protein backbone conformation during the MD simulation as
PBmapclust plots and PB logos. Both these representations are
complimentary to each other. PBmapclust is computationally ef-
ficient and scalable, generating both the plot and the logos for a
200 frame MD trajectory in 20 seconds and for 2000 frames in 200
seconds on a quad-core processor with a clock speed of 3.30 GHz.
Additionally, PBmapclust includes a novel clustering procedure to
help in the identification of better representative structures from
the MD simulation. Each of these features of PBmapclust are illus-
trated by considering the protein sba1, a HSP90 co-chaperone as a
case study. The novelty of our method lies in encoding useful infor-
mation in the coloring scheme of both the PBmapclust plot and the
PB logos and also implementing PB substitution based clustering.

3.1. PBmapclust plot

PBmapclust generates a plot of MD frames vs. protein residues,
color coded to match each of the 16 PBs. This plot is generated by
a combination of Perl and Bash scripts that are part of the PBmap-
clust program. The program requires the GROMACS (GROnin-
gen MAchine for Chemical Simulations ) [AMS∗15] run input file
(.tpr) and trajectory file (.trr or .xtc) as inputs. It also requires
the GROMACS and DSSP (Define Secondary Structure of Pro-
teins) [KS83, JTK∗11] programs to be installed, both of which are
free and open source. Although the GROMACS program is neces-
sary for performing PBmapclust, trajectories from other molecular
dynamics softwares can also be analysed using PBmapclust by con-
verting them to either .xtc or .trr formats using the mdconvert tool
from the MDTraj package [MBH∗15]. Currently PBmapclust runs
only on the Linux platform. Generating a PBmapclust plot involves
three main steps, namely:

1. Extracting all frames from the trajectory file.

2. Calculating torsion angles and PB assignment.

3. Generating a X PixelMap (XPM) file and subsequently, an
Encapsulated PostScript (EPS) file.

A detailed explanation of each of these steps is included in the
supplementary materials.

There are two color coding schemes implemented in PBmap-
clust. The random coloring scheme serves the sole purpose of be-
ing able to differentiate between structural changes, hence assigns
random contrasting colors to consecutive PBs. The second scheme,
propensity colors the PBs based on their three state secondary
structure propensity. The proportion in which red:green:blue are
mixed to arrive at the color for a particular PB is based on the α-
helix:coil:β-strand propensity of that PB as described in de Brevern
et al. [BEH00] and illustrated in Fig. 2. This helps us to identify
drastic structural changes as more contrasting color changes. The
user can change the coloring scheme by changing the parameters
to the script. Thus the coloring scheme serves two purposes: rep-
resenting the secondary structure tendencies of the PBs and also to
highlight the underlying structural continuity that the PBs catego-
rize.
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Figure 2: Comparative analysis of the active site residue region
for sba1-full (top) and sba1-core (bottom) during the last 50 ns of
a 200 ns MD simulation. Sba1 is a HSP90 co-chaperone protein,
described in detail in section 4. The active site residues are indi-
cated by arrows.

3.2. PB logos

PBmapclust plot represents the quantitative aspect of structural
flexibility during the MD simulation but the qualitative aspect i.e.
which PBs are changing at a particular position can be difficult to
discern from this representation. To help with this analysis, as a
compliment to the PBmapclust plot, we provide a logo represen-
tation of the position wise PB occurrence (Fig. 3). The weblogo

Figure 3: PB logos of the active site residues of sba1 (a) with the
disordered domain (sba1-full) (b) without the disordered domain
(sba1-core).

program [CHCB04] is used to generate the PB logos. Weblogo is
a tool originally developed to visualize multiple sequence align-
ments. Here we have adopted weblogo for PB variations during the
MD simulation. The height of the PB corresponds to the frequency
of occurrence of the PB. For example if PB m occurs in 70 frames
out of the 100 frames of the MD simulation and PB n occurs in th
remaining 30 frames, then the height of the logo is 70% PB m and
30% PB n. The number of different PBs occurring at a particular
position is proportional to the structural flexibility of that position.
This representation is similar to the logos generated by PBxplore

but here the user has the option to choose the coloring scheme-
random or propensity.

3.3. Clustering of conformations

It is a common practice to perform clustering and identify represen-
tative structures from a MD simulation to expedite further analysis
e.g. molecular docking. In this section, we describe a novel PB sub-
stitution based clustering method.

In 1983, Kimura described a metric to study molecular evolu-
tion in DNA by differentiating the purine and pyrimidine substi-
tutions [Kim83]. We have adopted a similar metric to differentiate
between favorable and unfavorable PB substitutions based on a pre-
viously established PB substitution matrix [TGS∗06]. All possible
pairwise distances between conformations extracted from the MD
trajectorie were calculated. For every pair of PB sequence each PB
pairs were scored based on the substitution matrix. Positions with
positive scores (m) are favored transitions while those with neg-
ative scores are unfavored transitions. Negatively scored regions
basically indicate structurally variable regions. Between every pair
of PB sequences, the Kimura distance [Kim83] was calculated as
follows :

Kimura distance =−ln(1−D−0.2D2)

where,

D = 1−S and S =
m

npos

m - number of positions with positive scores
npos - number of positions scored

A symmetrical dissimilarity matrix was populated with these dis-
tances. This was further analysed using the hclust algorithm imple-
mented in R [R C18]. The four clusters obtained by the above pro-
cedure and their representative structures for the case study protein-
sba1 are shown in Fig.4.

4. Case study: sba1- A HSP90 co-chaperone

Heat shock proteins (HSP) are a family of proteins ubiquitously
found across all living organisms to help them tide over stress con-
ditions, HSP90 being the most widely studied of them all. Sba1 is
one of the co-chaperones to the HSP90 chaperoning machinery in
Candida albicans, a fungal pathogen. Inhibiting the chaperone-co-
chaperone interaction has been proposed as an efficient strategy to
curb fungal infection [CFW∗10].

Due to the absence of an available crystal structure for the C.
albicans sba1, we rely on homology modeling. The N-terminal do-
main can be modeled reliably due to homologous structures from
Saccharomyces cerevisiae (PDB ID 2CG9) [AMV∗06] and human
(PDB ID 1EJF) [WSF∗00] co-chaperones. But the C-terminal do-
main poses a problem due to being majorly disordered [WAB99].
More importantly, it has been shown that the C-terminal plays an
important role in the binding of gedunin, an inhibitor of chaperone-
co-chaperone interaction [PFP∗13]. Here we illustrate the utility
of PBmapclust in highlighting the structural differences between
the homology models with and without the disordered region. The
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Figure 4: Top: Clustering of 50 conformations from the last 50 ns
of a 200 ns MD simulation of sba1-core. The clustering is based
on Kimura distances. Bottom: Superposition of the representative
structures with kimura distances in insert.

model for the sba1-core (without C-terminal disordered domain)
was built using the S. cerevisiae and human co-chaperones as tem-
plates using the Prime program from Schrödringer LLC [Sch18].
The model for the entire protein, with the disordered domain was
built using the Phyre2 [KMY∗15] homology modelling webserver.
Based on residue conservation when compared to the human co-
chaperone, Thr107, Leu111 and Lys112 have been hypothesized to
be the active site residues, hence we will focus on this region of the
protein.

The sba1-core and sba1-full models were subjected to 200
ns MD simulation in explicit TIP3P water solvent using the
CHARMM36m [HRN∗17] forcefield in GROMACS. From the
RMSD (Root Mean Squared Deviation) plot in the supplementary
materials, we observe that both structures exhibit significant struc-
tural variations during the MD simulation but the sba1-core sta-
bilizes after 150 ns at approximately 10 Å RMSD from its start-
ing conformation. The sba1-full structure still shows an increasing
RMSD trend, but such a feature was expected due to the presence
of the large disordered region. Hereafter, we will focus on the last
50 ns of the MD simulation.

The PBmapclust plots in Fig. 2 are for residues 105 to 115, which
covers the residues of interest i.e.Thr107, Leu111 and Lys112 for
the last 50 ns of the simulation. The plots and PB logos for the
entire protein are included in the supplementary materials. In both
the plots, we see a predominance of PBs corresponding to the loop
and coil regions, indicated by the green shades. In the case of sba1-
full, there is slightly higher tendency towards β-strand, indicated
in blue. Globally, there is significantly more structural variation in
the active site of sba1-full than compared to the sba1-core. PBs c
& f instead of f & l for Thr107, PBs f & l interspersed with PBs
d & j vs PB f for Leu111 and PBs b, a & d vs PB b for Lys112.

Thus the disordered region does actually affect the conformation
of active site residues. Such information can be used to develop a
rational method for selecting protein conformations from the MD
trajectory for further analysis, like in this case to perform molecular
docking.

5. Interpretation of output

PBmapclust was developed with the intention of being a compli-
mentary tool to classical MD trajectory analysis like RMSD plot,
RMSF (Root Mean Squared Fluctuation) plot, secondary structure
analysis etc. While RMSD and RMSF are global metrics averaged
over the entire protein and the entire duration of the MD respec-
tively, PBmapclust allows the user to go into the specifics. For ex-
ample, after a specific duration of MD, the RMSD could be stable
when looking at the entire protein but still have significant deviation
for a loop region of interest. Such features can be easily identified
as color changes on the PBmapclust plot. Hence, the interpretation
of the PB logos will be more relevant if it is generated from a time
step after which the system is stabilized, which can be determined
from the RMSD plot. Although individual scenarios vary, in gen-
eral it might be useful to use the propensity coloring scheme to get
a global overview of the entire MD trajectory before using the ran-
dom scheme. This way, the regions of explicit structural variation
are easily identified and then the shades of red, blue and green can
be further highlighted by the contrasting colors of the random col-
oring scheme.

6. Conclusions

PBmapclust is a simple tool that can be used synergistically not
only with the classical MD analysis tools like RMSD and RMSF
plots but also with PBxplore. The clustering feature enables the
user to choose conformations from the MD simulation that are
more representative of the structure space and avoid redundancy.
Further, representing MD trajectories as images opens up the av-
enue for the use of powerful image comparison tools for MD tra-
jectory comparison. This can be useful for comparing multiple MD
runs for the same protein like apo and holo forms of the protein,
comparing replicate runs etc.

All the scripts to perform PBmapclust are available at https://
github.com/iyanarvetrivel/PBmapclust under the GNU gen-
eral public license.
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