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Abstract

Demonstrating when and where proteins undergo conformational rearrangement remains challenging in molecular
dynamics (MD) analysis, particularly for transient and localized motions. We introduce RMSX, a time-series extension
of root-mean-square fluctuation (RMSF), and Flipbook, a general-purpose method for mapping simulation metrics onto
structural, atomistic snapshots. Unlike traditional RMSF values, RMSX is performed over partitions of the original
simulation — not its entirety. This simple extension allows RMSX to pinpoint not only the degree of fluctuation but also
isolate when a significant motion takes place for any amino acid residue. Flipbook provides an engine for transforming time-
series, residue-level data into salient, colored 3D structures. Flipbook can take in RMSX values, or other user-provided
values, to see how they vary with time, coloring and scaling the amino acids according to those values. We demonstrate
these tools’ utility on unbiased and steered MD simulations of ubiquitin, HIV-1 protease, and the bacterial adhesion protein
SdrG. RMSX and Flipbook together form a streamlined, open-source suite for quantitative, high-resolution interrogation
of biomolecular dynamics. RMSX and Flipbook are freely available at https://github.com/AntunesLab/rmsx.
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Understanding the precise timing and location of conformational P p p ,J . v P P
. . . i K . R scalar (e.g., RMSX values, interatomic distances, hydrogen-
shifts in proteins is critical for investigating mechanisms such
. . bond occupancy) onto the B-factor field of the structure files
as allostery, catch-bond formation, and mechanotransduction (PDB f t) and hots i ti
ormat) and arranges snapshots in sequence, creating an
[1, 2]. Molecular dynamics (MD) simulations generate detailed A . . & K p. . a .g
. . . . . intuitive ‘flipbook’, a sequential illustration of conformational
atomic trajectories, but extracting precise temporal and . i
L. . . . changes (see full workflow in Supp. Fig. 1).
spatial information, specifically when and where individual . )
We illustrate these workflows on (i) steered molecular

dynamics (SMD) of ubiquitin denaturation, (ii) unbiased MD
simulations of HIV-1 protease, and (iii) SMD of the bacterial
adhesin SdrG. Our implementation is built on MDAnalysis [6]
and integrates seamlessly with major MD visualization suites,

residues undergo significant motion, remains challenging.
These limitations impact both research discovery and scientific
communication of findings related to local and transient
conformational changes, particularly in printed media.
Common metrics such as Root Mean Square Deviation
(RMSD) and Root Mean Square Fluctuation (RMSF)
quantify global structural drift and average per residue

including ChimeraX [7] and VMD [8], producing publication-
quality visualizations with minimal setup. RMSX and Flipbook

rovide a unified pipeline for high-resolution, quantitative
mobility, respectively, but cannot simultaneously describe both p i . pb & . i d
. . . interrogation of biomolecular dynamics, enabling researchers
when (during a simulation) and where (what part of the X . X . K
. ) . to identify and communicate complex conformational events in
protein) structural changes occur. Alternatively, unsupervised . .
L. . print media.
approaches such as principal component analysis (PCA) and

dynamic network models extract dominant motion modes or . . .
correlated residue networks but sacrifice interpretability or DCSlgH and nnplcmontatlon
simplify motion throughout the simulation [3, 4, 5]. RMSX: Time-resolved Auctuation analysis

Here, we introduce two open source methods, RMSX and
Flipbook, that together fill this gap. RMSX partitions an MD

trajectory into consecutive time slices (or windows), computes

RMSX is a Python-based tool that generates time-resolved, per-
residue fluctuation heatmaps (Fig. 1) directly within Jupyter
notebooks [9], providing an interactive and reproducible

per-residue RMSF within each window, and assembles the
environment for MD analysis. It leverages the MDAnalysis
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Fig. 1. Ubiquitin protein under steered molecular dynamics (SMD), visualized with RMSX and Flipbook
A) during a 3.15 ns SMD trajectory.

(RMSD) over time, showing global structural displacement in angstroms (

. A . Root-mean-square deviation
B . Representative Flipbook renderings

of the structure at selected timepoints, with color and tube thickness scaled by RMSX values. Regions of higher mobility (THR7 and THR12) are

highlighted in red, while the anchored rigid region (LYS48) remains dark blue across time.

C . RMSX heatmap displaying per-residue displacement ( A)

across time. Time is plotted on the x-axis (in nanoseconds), and residue index on the y-axis. Warmer colors indicate greater positional uctuations. D.

Root-mean-square uctuation (RMSF) pro le across all residues, with displacement (

A) on the x-axis and residue index on the y-axis. E . Full Flipbook

panel illustrating continuous motion along the trajectory, emphasizing both when and where uctuations occur.

library [6] for ecient trajectory parsing and manipulation,
and produces publication-ready visualizations using R's ggplot2
[10], and UCSF ChimeraX [7] or VMD [8], for high-quality
3D structural renderings. The use of MDAnalysis [6] ensures
compatibility with all major MD engines, including GROMACS
[11], NAMD [12], LAMMPS [13], CHARMM [14], and Amber
[15]. By combining Python-based data handling with external
graph generation and visualization tools, RMSX supports
interactive exploration of residue-level dynamics and the
generation of high-quality gures.

Data inputs and outputs

RMSX requires only a structure le and a trajectory le. PDB

les for each chain are generated and sorted into directories by
chain. The all_chain_rmsx() function performs RMSX analysis
across all chains in a complex, generating outputs for each chain
individually as well as for the full complex. RMSX values for
each residue are stored in the B-factor column of each PDB
and exported as a CSV table. In summary, for each chain, the
following outputs are produced:

An RMSX heatmap (PNG).

A chain_rmsx.csv le of per-residue, per-slice values.
PDB snapshots with RMSX values stored in the B-factor
column.

The scripts automatically save a PNG plot for each chain
analyzed; if Flipbook is used, a high-quality PNG of the
snapshots from UCSF ChimeraX are produced with the option

to use VMD to produce photorealistic molecular visualizations
with features like ambient occlusion lighting and depth cueing
[16]. Users can adjust the snapshots' orientation or visualization
via the UCSF ChimeraX GUI or customized VMD shortcuts,
and resave transparent-background images by rerunning the
save command.

The run_rmsx() function performs the same process for a
single speci ed chain at a time, prompting the user with a list
of available chains.

Trajectory slicing

RMSX reads a trajectory ( .xtc , .dcd, etc.) and divides it into
either a user-speci ed number of slices or a xed number of
frames per slice. If the trajectory length is not evenly divisible,
excess frames at the end are dropped. RMSX reports both
the total frames and equivalent simulation time (ns), showing
exactly what was analyzed. You can also supply start_frame
and end_frame to exclude equilibration or focus on a particular
time segment.

Visualization options

Users may enable interpolation between slices and choose from
colorblind-friendly viridis palettes (e.g., \magma," \plasma")
that are consistently applied across the heatmap and UCSF
ChimeraX or VMD renderings.



Fig. 2. Protease 125 ns simulation: Highlighting regions of higher and lower molecular uctuations. A
A) plotted over simulation time (x-axis in ns). Middle: Heatmap of RMSX values per residue across time

a triple plot. Top: RMSD trajectory (y-axis in

. RMSX analysis of Chain A, shown as

(in ns), where warmer colors indicate greater uctuations. Right: RMSF pro le summarizing the average displacement per residue. Structural snapshots
below the heatmap show per-slice RMSX-mapped conformations, with uctuation magnitude encoded by tube thickness and color done using Flipbook.

B . Equivalent analysis for Chain B, including RMSD, RMSX heatmap, RMSF pro le, and per-slice structural renderings.

C . Flipbook visualization of

the full protease dimer (Chains A and B), with both chains shown together at matched timepoints. Regions of high exibility|consistently observed in
both chains|are clearly visible through localized red/yellow coloring, while structurally rigid areas remain blue.

Contextual RMSD/RMSF plots

Optionally, RMSX can generate anking RMSD and RMSF

plots alongside the heatmap. RMSD summarizes global
structural drift, while RMSF provides average per-residue
mobility; together, they give context to the time-resolved

heatmap.

Flipbook: time-resolved molecular dynamics
visualization

Flipbook is a lightweight, customizable tool designed for
visualizing time-resolved molecular dynamics by creating
sequential, per-snapshot representations of structural metrics
within UCSF ChimeraX or VMD.

Core functionality
Flipbook reads structural metrics (such as RMSX computed
over de ned time slices, interatomic distances, or hydrogen-
bond occupancy) encoded in the B-factor column of PDB
les. It then automatically loads, aligns, and arranges these
snapshots in sequence, creating a spatial composite|e ectively
a \ipbook" view of conformational dynamics.

The core principle is to map the time-resolved metric onto
the structure's visualization:

For each snapshot, residue color and size are scaled to
the corresponding metric value, immediately highlighting
the spatial and temporal evolution of uctuations or other
dynamic features (case examples in Supp. Fig. 2-3).

Consistent color, value, and scaling across snapshots
are essential for creating representative, publication-ready
composite images.

Implementation and viewer support

Because no single molecular visualization suite natively
supports all required features, Flipbook coordinates ChimeraX
and VMD through a combination of Python and viewer-speci c
scripting.

UCSF ChimeraX provided support for most required
features, simplifying the alignment and arrangement process.
However, to ensure consistency between the heatmaps and
the Flipbook visualization, we implemented custom color
scales. Advanced users can further customize visualizations by
providing ChimeraX scripts, for example, to highlight specic
chains or freeze parts of the structure while mapping dynamic
changes onto others.

VMD (Visual Molecular Dynamics)
visualization method using TCL scripting to appropriately
scale the size of each residue based on its metric. We worked
closely with the developers of VMD to bring support for
Flipbooks within their ecosystem. The inclusion of VMD
allows users a far greater degree of customizability, access to
advanced raytracing options through Tachyon [16], and lower-
level control of the molecular visualizations [8]. We developed
a set of commands and shortcuts to allow users to easily
control the spacing, alignment, and simultaneous rotation of

: We wrote a custom
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