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9 Summary

10 Essential dynamics(ED) is a useful method for analyzing trajectories generated by molecular dynamics
11 (MD), but current tools are awkward to use, limiting the usefulness of the technique. This paper describes a
12 new interactive graphical interface for visualization of ED results, including filtering a trajectory on an
13 arbitrary set of eigenvectors and manipulation of a structure’s projection along any eigenvector.

14 Abbreviations: ED – essential dynamics; IED – Interactive Essential Dynamics; MD – molecular
15 dynamics; VMD – Visual Molecular Dynamics

17 Introduction

18 Trajectories generated from molecular dynamics
19 (MD) simulations provide a means to identify and
20 study motions crucial for protein function [1].
21 Separating functionally important motions from
22 random thermal fluctuations is a major challenge
23 in analyzing MD trajectories. Principal component
24 analysis of MD trajectory data, often called
25 essential dynamics (ED) [2, 3], is frequently used to
26 separate large-scale correlated motions from local
27 harmonic fluctuations [4–9].
28 ED analysis constructs a new orthogonal basis
29 set for the atomic coordinates in a trajectory, such
30 that the greatest variance occurs along the first
31 vector, with monotonically decreasing variance
32 along successive vectors. These vectors are often
33 called principal components or eigenvectors, since
34 their derivation involves an eigen decomposition.
35 The eigenvalues from the eigen decomposition
36 represent the relative amount of molecular motion
37 that occurs along each eigenvector. The eigenvalue
38 spectrum is sharply peaked for molecular trajectory

39data, indicating that most of the molecular motion
40canbe describedby displacements along the first few
41eigenvectors [2, 4–6, 9]. A trajectory can be
42projected onto a subset of selected eigenvectors so
43only motion along the selected vectors is allowed.
44The most commonly selected subset is the first n
45eigenvectors such that a given percentage of the
46molecular motion occurs within the subspace
47formedby the selected eigenvectors. Projection onto
48these vectors filters out thermal noise, making the
49functionally interesting motions easier to appreci-
50ate. Smaller subsets may be selected to isolate a
51particular aspect of the molecule’s motion. One can
52also examine the functional meaning of a single
53eigenvector by generating a trajectory with atomic
54positions interpolated between extreme projections
55on the selected eigenvector.
56ED is a standard method of analysis that is
57widely implemented in molecular simulation
58packages [10–13]. Tools in these packages take
59trajectory and eigenvector files as input and pro-
60duce a new trajectory as output, which must be
61loaded into an integrated [11] or external [10, 12,13]
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62 viewer. Amore flexible approach [14], implemented
63 within a limited viewer, is not widely available. In
64 the available tools, a separate trajectory file of
65 interpolations between extreme projections must
66 be generated for each eigenvector, and a separate
67 filtered trajectory file must be generated for each set
68 of eigenvectors selected for filtering. Some tools
69 [11, 12] are limited to filtering along a single
70 eigenvector at a time, which may be problematic
71 since rotational motion cannot be adequately rep-
72 resented with a single eigenvector.
73 Generating and loading a separate trajectory
74 file for each aspect of the ED results is cumber-
75 some and discourages complete understanding of
76 the ED analysis. Interactive essential dynamics
77 (IED) is a new program that addresses these
78 problems, providing fully interactive analysis of
79 ED results through a graphical interface. Filtering
80 eigenvectors can be rapidly added or removed
81 from within the viewer, even while the trajectory is
82 being played. The functional meaning of an
83 eigenvector can be examined from within the
84 viewer by dragging the atomic positions along the
85 eigenvector using a slider control. Arrows repre-
86 senting an atom’s motion along an eigenvector can
87 be drawn to provide a static representation of an
88 eigenvector, as in the work of Huitema and van
89 Liere. [14] IED can calculate eigenvectors and
90 projections directly, or read the results of calcu-
91 lations performed in GROMACS [10] or the ptraj
92 module of AMBER 8 [13]. IED also allows sets of
93 vectors that do not have accompanying projec-
94 tions to be loaded so results of normal modes
95 analysis performed by AMBER or GROMACS
96 can be visualized. The Python scripting interface
97 of visual molecular dynamics (VMD) [15] is used
98 for display. The extensive visualization, animation,
99 rendering and analysis capabilities of VMD

100 remain available while using IED.

101 Theory and methods

102 To perform ED, coordinate data from each time-
103 step is fitted to a reference structure to remove
104 translational and rotational motion. The fitted
105 trajectory data are used to construct a covariance
106 matrix C according to equation 1

C ¼ x� xh ið Þ x� xh ið ÞT
D E

ð1Þ

108where h i represents the mean across all timesteps,
109and the T superscript represents transpose. An
110eigen decomposition (or diagonalization) of the
111symmetric matrix C is performed to identify K, a
112diagonal matrix of eigenvalues and T , a matrix of
113column eigenvectors forming a new orthonormal
114basis set [2], satisfying

C ¼ T K T T ð2Þ

116A zero-mean trajectory matrix, X , can be con-
117structed by subtracting xh i from the coordinate
118vector for each timestep to form the rows of X .
119The matrix of the projections of each timestep
120onto each eigenvector, P , is obtained by multi-
121plying the trajectory matrix, X by T

P ¼ X T ð3Þ

123For use with IED, these calculations may be per-
124formed using the AMBER or GROMACS suites.
125IED is also capable of performing these calcula-
126tions itself, but is less efficient than AMBER or
127GROMACS.
128The trajectory matrix, X , can be reconstructed
129from the eigenvectors and projection matrices T
130and P , by right multiplying Equation 3 by T T

P T T ¼ X T T T ¼ X I ¼ X ð4Þ

132where I is an identity matrix. More usefully, a
133matrix of filtered trajectory data, F , can be cal-
134culated by multiplying a subset of the (column)
135projection vectors in P by the corresponding sub-
136set of the eigenvectors in T T. This way F contains
137only motions that occur along the eigenvectors
138selected from P and T , since motions along other
139eigenvectors are represented by projections omit-
140ted from the calculation of F . IED employs this
141method to calculate filtered trajectories, adding xh i
142to the coordinate vector in each row of F to
143translate the coordinates back to their original
144origins. When a single eigenvector is to be exam-
145ined by interpolation between extreme projections,
146coordinates are calculated by varying the (scalar)
147projection value for the selected eigenvector at the
148current time step and recalculating the appropriate
149row from F for each value of the projection.
150When IED calculates ED directly, it can oper-
151ate on trajectory data in any format that VMD is
152able to load. When loading results of ED analysis
153carried out in GROMACS, it requires a molecular
154topology file (in any VMD acceptable format), an
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155 eigenvectors file in GROMACS TRR binary for-
156 mat generated by g_covar, and a projections file
157 generated by g_anaeig. The first timestep of the
158 eigenvectors file is ignored, the second contains the
159 molecules average coordinates over the trajectory
160 and the remaining timesteps contain eigenvectors
161 in decreasing order of their eigenvalues. The pro-
162 jections file is formatted as text input to Grace, a
163 plotting tool. Each eigenvector has a separate
164 block of projection data within the file; within each
165 block there is one projection per line, consisting of
166 a time value followed by a projection value, sep-
167 arated by whitespace. When loading ED results
168 from AMBER, the requirements are similar: a
169 topology file, an eigenvectors file and a projections
170 file. The eigenvectors file and projections file are
171 both produced by ptraj and are in text format. The
172 eigenvectors file contains two header lines, which
173 are ignored, the average coordinates, followed by
174 the eigenvectors. Each eigenvector has a two line
175 header consisting of a line containing 4 asterisks
176 (****), followed by a line giving the ordinal
177 number of the eigenvector and its eigenvalue.
178 Numeric data for the average coordinates and ei-
179 genvectors are whitespace delimited, with 7 values
180 per line. The projections file has a two line header
181 which is ignored. Each successive line contains a

182timestep number, followed by projection values
183onto each eigenvector for that timestep. The values
184are whitespace delimited.
185Internally, IED represents the eigenvector data
186in a VMD trajectory object and the projection
187data in an Python Numeric array object. IED is an
188open source application, and is easily extended to
189other file formats by writing parsing routines to
190read data into the aforementioned data structures.

191User interface

192IED is started either by selecting a trajectory in
193VMD for ED analysis, or by loading files con-
194taining the results of an ED analysis previously
195performed in ptraj or GROMACS. Once the ED
196data are loaded, a window is displayed with a
197checkbox and slider for each eigenvector (see
198Figure 1). When necessary, the eigenvector slider
199area of the window can be scrolled to allow for
200arbitrarily large numbers of eigenvectors. Selecting
201a checkbox allows motion along the corresponding
202eigenvector and activates the eigenvector’s slider,
203setting its position to the projection on the eigen-
204vector for the current frame of the trajectory.
205Check boxes can be selected independently,

Figure 1. Screen shot of IED. Top right window is the main IED window, window immediately below contains the checkboxes and
sliders for selecting eigenvectors and manipulating projections. Remaining windows are VMD windows: main window and animation
controls at bottom left, console at bottom right and molecular display at top left.
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206 allowing simultaneous analysis of any combina-
207 tion of eigenvectors. When the VMD animation
208 controls are used to play the trajectory, the
209 molecular display shows the filtered trajectory: the
210 projection of the trajectory on the currently se-
211 lected eigenvectors. Slider positions corresponding
212 to selected eigenvectors are updated as each frame
213 of the trajectory is displayed. The movement of the
214 sliders provides an animated, graphical represen-
215 tation of the projection of the trajectory on each
216 eigenvector. When the animation is stopped, the
217 sliders for any selected eigenvector can be moved
218 manually, which temporarily changes the projec-
219 tion value on the eigenvector for the displayed
220 frame. The molecular display is updated as the
221 slider is moved, making it easy to appreciate any
222 eigenvector’s contribution to the molecular mo-
223 tion. A comma delimited list of projections can be
224 entered in the text box near the bottom of the
225 window to rapidly set the projections along all
226 eigenvectors.
227 Interactive manipulation of the molecule’s
228 projection along an eigenvector provides the
229 clearest visualization of the eigenvector, but is not
230 possible in cases where a static image is required
231 for publication or presentation. Static visualiza-
232 tions can be produced by selecting a single eigen-
233 vector and clicking on representative atoms. An
234 arrow is drawn through the clicked atoms, with the
235 arrow’s head representing the atom’s position at
236 the most positive projection and the tail repre-
237 senting the most negative projection.
238 When IED is used to visualize normal modes
239 data, there is no associated trajectory, and no
240 projections file is loaded. In this case trajectory
241 playing and filtering features are disabled, but all
242 other features are available.

243 Conclusions

244 IED allows interactive visualization and manipu-
245 lation of projections of protein motion on selected
246 eigenvectors and easy selection and filtering on
247 different discontinuous sets of eigenvectors. It in-
248 creases efficiency in working with ED results and
249 enables appreciation of aspects of the dynamics
250 that might be missed with more limited tools.
251 IED is freely available under the Gnu Public
252 License (GPL) at http://mccammon.ucsd.edu/

253software. html. The language, applications and
254libraries on which it depends are also freely
255available.
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