
Physical Chemistry Lab
Computational Module: Molecular Dynamics (MD)

The primary topic of this computational module is to learn about the Molecular Dynamics (MD) simulation technique. Since performing the simulation could be time-consuming, performing the simulations is OPTIONAL but you will need to learn how to set up the simulations and analyze them. VMD Tutorial (Tutorial 1) is a prerequisite for this module but you do not need to write a report for it.

Tutorial 1: Using the VMD software
Tutorial 2: Setting Up MD Simulations Using CHARMM-GUI
Tutorial 3: Analyzing MD Simulations Using VMD

The structure of the lab report is given below: 

1. Title, with your name and date. 
2. Abstract: A short summary of what this module is for and what was done in 100-150 words. (10/100) 
3. Introduction: Brief but concise introduction to the MD method with appropriate references in 300-400 words. Your introduction should include a brief description of ubiquitin that is the system used in the tutorial as an example. (10/100) 
4. Computational Method: Brief description of the theory of the MD method with relevant references. Using mathematical formulas and proper explanation of the symbols used are encouraged. Expected to be about 1 page. (10/100) 
5. Results: Follow the Tutorials 2 and 3 below and present your results as clearly instructed. Each student needs to generate their own data. (30+5/100) 
6. Discussion: The discussion should summarize what you have learned in this computational module. Expected to be about 0.5-1 page. (10/100) 
7. References: This is primarily the references used for Introduction and Computational Method. (10/100) 
8. Appendix: These are going to be the files that Tutorials 2 and 3 instruct you to submit along with your report. They will not be inserted in the report but combined in a zip file and submitted along with your report. (20/100)
9. Performing MD: For those who decide to perform the MD simulations and attach the results (log files) as part of the appendix, there is an extra credit of +50 points.









Tutorial 1: Using the Visual Molecular Dynamics (VMD) Software

[bookmark: Introduction]The following materials are based on the VMD tutorial:
http://www.ks.uiuc.edu/Training/Tutorials/vmd/tutorial-html/

Reference: Humphrey, W., Dalke, A. and Schulten, K., "VMD - Visual Molecular Dynamics", J. Molec. Graphics, 1996, vol. 14, pp. 33-38.
Official VMD page: http://www.ks.uiuc.edu/Research/vmd/

Introduction
VMD (Visual Molecular Dynamics) is a molecular visualization and analysis program designed for biological systems such as proteins, nucleic acids, lipid bilayer assemblies, etc. The program is developed by the Theoretical and Computational Biophysics Group at the University of Illinois at Urbana-Champaign. Among molecular graphics programs, VMD is unique in its ability to efficiently operate on large biomolecular complexes and long- timescale molecular dynamics trajectories, its interoperability with a largenumber of molecular dynamics simulation tools, its integration of structure and sequence information, and its built-in support for advanced image rendering and movie making.
	[image: ]

	Figure 1: Example VMD renderings.


Key features of VMD include:

· General 3-D molecular visualization with extensive drawing and coloring methods and strong support for visualization of molecular dynamics
· Supports all major molecular data file formats, with no limits to structure or trajectory sizes except memory capacity and addressing
· Extensive atom selection syntax for choosing subsets of atoms for both analytical tasks and for graphical display
· Molecular analysis commands
· Rendering of high-resolution, publication-quality molecule images
· Built-in movie making tools
· Building and preparing systems for molecular dynamics simulations
· Interactive molecular dynamics simulations
· User-extensible through the built-in Tcl and Python scripting languages

[bookmark: Downloading_VMD]







Downloading VMD

Before staring the tutorial, you need to download the current version of VMD, if VMD is not already installed on the computer you are using. This tutorial requires VMD version 1.9.2 or later. VMD supports Windows, Mac, and Linux. Download the appropriate version of VMD:
http://www.ks.uiuc.edu/Development/Download/download.cgi?PackageName=VMD 
First figure out what Operating System you have. Mac users, for instance, can find out their exact OS version by going to “About This Mac”. For instance, if your MacOS is High Sierra 10.13.3, you can download “VMD Version 1.9.3: MacOS X OpenGL (32-bit Intel x86) (Apple MacOS-X (10.4.7 to 10.13.x) with hardware OpenGL (native bundle))”. Do not use the versions of VMD that mentions CUDA unless you have an extra NVIDIA GPU on your computer (not used for display) and you are willing to take extra steps to make it work with VMD.
[image: Text, application

Description automatically generated]Once you choose your desired version, a username/password is required to continue. You can choose a username and password to be registered with this website for free and download the software. Mac users may see an error like the following:






Choose “Cancel”, then go to your “System Preferences” and open the “Security & Privacy” application. Go to “General” and click on “Click the lock to make changes” button. You can click then click on the “Open Anyway” option.
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Once VMD is installed, to start VMD:

· Mac OS X: Double click on the VMD application icon in the Applications directory or wherever you copied it during the installation.
· Linux and other Unix platforms: Type vmd in a terminal window.
· [image: ][image: ]Windows: Select Start	Programs	VMD.

[image: ]When VMD starts, by default three windows will open (Fig. 2): the VMD Main window, the OpenGL Display window, and the VMD Console window (or a Terminal window on a Mac). To end a VMD session, go to the VMD Main window, and choose File     Quit. You can also quit VMD by closing the VMD Console window or the VMD Main window.
	
[image: ]

	Figure 2: The VMD Main window, the OpenGL Display window, and the VMD Console window.



[bookmark: Accompanying_Files]Accompanying Files
Several files, prepared to accompany this tutorial, can be found in the 1ubq directory. These files include:

	1ubq.pdb
	ubiquitin.psf
	equilibration.dcd
	pulling.dcd





I. [bookmark: Working_with_a_Single_Molecule]Working with a Single Molecule
In this section you will learn the basic functions of VMD. We will start with loading a molecule, displaying the molecule, and rendering publication-quality molecule images. This section uses the protein ubiquitin as an example molecule. Ubiquitin is a small protein responsible for labeling proteins for degradation and is found in all eukaryotes with nearly identical sequences and structures.

[bookmark: Loading_a_Molecule]IA. Loading a Molecule
The first step is to load a molecule. A PDB file, 1ubq.pdb (Vijay-Kumar et al., JMB, 194:531, 1987), that contains the atom coordinates of ubiquitin is provided in the 1ubq directory.
	
[image: ]

	Figure 3: Loading a Molecule.


1
[image: ]Start a VMD session.           In the VMD Main window,  choose    File     New Molecule... (Fig. 3(a)).  Another window, the Molecule File Browser window (Fig. 3(b)), will appear on your screen.
2
Use the Browse... (Fig. 3(c)) button   to   find   the   file 1ubq.pdb in 1ubq directory. Note that when you select the file, you will be back in the Molecule File Browser window. In order to actually load the file, you have to press Load (Fig. 3(d)). Do not forget to do this!

Now, ubiquitin is shown in the OpenGL Display window. You may close the Molecule File Browser window at any time.

[bookmark: Displaying_the_Molecule]IB. Displaying the Molecule
In order to see the 3D structure of our protein, we will use the mouse in multiple modes to change the viewpoint. VMD allows users to rotate, scale and translate the viewpoint of your molecule.
	

[image: ]

	Figure 4: Rotation modes. (a) Rotation axes when holding down the left mouse key. (b) The rotation axis when holding down the right mouse key.


1
In the OpenGL Display, press the left mouse button down and move the mouse. Explore what happens. This is the rotation mode of the mouse and allows you to rotate the molecule around an axis parallel to the screen (Fig. 4(a)). 
2
If you hold down the right mouse button and repeat the previous step, the rotation will be done around an axis perpendicular to your screen (Fig. 4(b)) (For Mac users, the right mouse button is equivalent to holding down the command key while pressing the mouse button). 

3
In the VMD Main window, look at the Mouse menu (Fig. 5). Here, you will be able to switch the mouse mode from Rotation to Translation or Scale modes.

	[image: ]

	Figure 5: Mouse modes and their characteristic cursors.


4
Choose the Translation mode and go back to the OpenGL Display. You can now move the molecule around when you hold the left mouse button down. 
5
Go back to the Mouse menu and choose the Scale mode this time. This will allow you to zoom in or out by moving the mouse horizontally while holding the left mouse button down. 

It should be noted that these actions performed with the mouse only change your viewpoint and do not change any of the atomic coordinates associated with the molecule.
[image: ]
[image: ]Another useful option is the Mouse	Center menu item. It allows you to specify the point around which rotations are done.
6
Select the Center menu item and pick one atom at one of the ends of the protein; The cursor should display a cross.
7
Now, press “r”, rotate the molecule with the mouse and see how your molecule moves around the point you have selected. 

8
[image: ]In the VMD Main window, select the Display         Reset View menu item to return to the default view. You can also reset the view by pressing the “=” key when you are in the OpenGL Display window.

[bookmark: Graphical_Representations]IC. Graphical Representations
VMD can display your molecule in various ways by the Graphical Representations shown in Fig. 6. Each representation is defined by four main parameters: the selection of atoms included in the representation, the drawing style, the coloring method, and the material. The selection determines which part of the molecule is drawn, the drawing method defines which graphical representation is used, the coloring method gives the color of each part of the representation, and the material determines the effects of lighting, shading, and transparency on the representation. Let's first explore different drawing styles.
[bookmark: Exploring_different_drawing_styles]Exploring different drawing styles 1
[image: ]In the VMD Main window, choose the         Graphics   Representations... menu item. A window called Graphical Representations will appear and you will see highlighted in yellow (Fig. 6(a)) the current default representation displaying your molecule.
2
In the Draw Style tab (Fig. 6(b)) we can change the style (Fig.  6(d)) and color (Fig. 6(c)) of the representation. In this section we will focus on the drawing style (the default is Lines). 
3
Each Drawing Method has its own parameters. For instance, change the Thickness of the lines by using the controls on the lower right-hand-side corner (Fig. 6(c)) of the Graphical Representations window. 
4
Click on the Drawing Method (Fig. 6(d)), and you will see a list of options. Choose VDW (van der Waals). Each atom is now represented by a sphere, allowing you to see more easily the volumetric distribution of the protein. 
5
When you choose VDW for drawing method, two new controls would show up in the lower right-hand-side corner (Fig. 6(e)). Use these controls to change the Sphere Scale to 0.5 and the Sphere Resolution to 13. Be aware that the higher the resolution, the slower the display of your molecule will be. 
6
Press the Default button. This allows you to return to the default properties of the chosen drawing method.

	[image: ]

	Figure 6: The Graphical Representations window.



The previous representations allow you to see the micromolecular details of your protein by displaying every single atom. More general structural properties can be demonstrated better by using more abstract drawing methods.

7
Choose the Tube style under Drawing Method and observe the backbone of your protein. Set the Radius at 0.8. You should get something similar to Fig. 7. 
8
By looking at your protein in the tube drawing method, see if you can distinguish the helices, beta-sheets and coils present in the protein.

	

[image: ]

	Figure 7: Licorice (left), Tube (center) and NewCartoon (right) representations of Ubiquitin



[image: ]

The last drawing method we will explore is NewCartoon. It gives a simplified representation of a protein based in its secondary structure. Helices are drawn as coiled ribbons, beta-sheets as solid arrows and all other structures as a tube. This is probably the most popular drawing method to view the overall architecture of a protein.

9
[image: ]In the Graphical Representations window,            choose Drawing Method    NewCartoon. You can now easily identify how many helices, beta-sheets and coils are present in the protein. 

[image: ]

[bookmark: Exploring_different_coloring_methods]Exploring different coloring methods

Now, let's explore different coloring methods for our representations.
10
[image: ]In the Graphical Representations window, if you look at the Coloring Method, the default method is    Coloring Method                 Name. In this coloring method, if you choose a drawing method that shows individual atoms, you can see that they have different colors, i.e: O is red, N is blue, C is cyan and S is yellow. 
11
[image: ]Choose   Coloring Method              ResType (Fig. 6(c)). This allows you to distinguish non- polar residues (white), basic residues (blue), acidic residues (red) and polar residues (green). 
12
[image: ]Select Coloring	Method	Secondary	Structure (Fig. 6(c))	and	confirm	that the NewCartoon representation displays colors consistent with secondary structure.

[bookmark: Displaying_different_selections]Displaying different selections

You can also only display parts of the molecule that you are interested in by specifying your selection in the Graphical Representations window (Fig. 6(f)).

13
In the Graphical Representations window, there is a Selected Atoms text entry (Fig. 6(f)). Delete the word all, type helix and press the Apply button or hit the Enter/Return key on your keyboard (remember to do this whenever you change a selection). VMD will show just the helices present in our molecule. 
14
In the Graphical Representations window choose the Selections tab (Fig. 8(a)). In section Singlewords (Fig. 8(b)), you will find a list of possible selections you can type. For instance, try to display beta-sheets instead of helices by typing the appropriate word in the Selected Atoms text entry. 

	

[image: ]

	Figure 8: Graphical Representations window and the Selections tab.




Combinations of Boolean operators can also be used when writing a selection.

15
In order to see the molecule without helices and beta-sheets,  type the following in Selected   Atoms: (not   helix)   and    (not    betasheet).   Remember   to   press the Apply button or hit the Enter/Return key on your keyboard.
16
In the section Keyword (Fig. 8(c)) of the Selections tab, you can see properties that can be used to select parts of a protein with their possible values. Look at possible values of the keyword resname (Fig. 8(d)). Display all the lysines and glycines present in the protein by typing (resname LYS) or (resname GLY) in the Selected Atoms (lysines play a fundamental role in the configuration of polyubiquitin chains). 
17
Now, change the current representation's Drawing Method to CPK and the Coloring Method to ResName in the Draw Style tab. In the screen you will be able to see the different Lysines and Glycines. 
18
[image: ]In the Selected Atoms text entry type water. Choose    Coloring Method	         Name. You should see the 58 water molecules (in fact only the oxygens) present in our system. 
19
In order to see which water molecules are closer to the protein you can use the command within. Type water and within 3 of protein for Selected Atoms. This selects all the water molecules that are within a distance of 3 angstroms of the protein. 

20
Finally, try typing the following selections in Selected Atoms:

Table 1: Example atom selections.

	Selection
	Action

	protein
	Shows the Protein

	resid 1
	The first residue

	(resid 1 76) and (not water)
	The first and last residues

	(resid 23 to 34) and (protein)
	[image: ]The	-helix



[bookmark: Creating_multiple_representations]Creating multiple representations

The button Create Rep (Fig. 9(a)) in the Graphical Representations window allows you to create multiple representations. Therefore, you can have a mixture of different selections with different styles and colors, all displayed at the same time.
21
For the current representation, in Selected Atoms type protein, set the Drawing Method to NewCartoon and the Coloring Method to Secondary Structure.
22
Press the Create Rep button (Fig. 9(a)). You should see that a new representation is
 created. Modify the new representation to get VDW as the Drawing Method, ResType
as the Coloring Method, and resname LYS as the current selection. 
[image: ]
Figure 9: Multiple Representations of Ubiquitin.

23
Repeating the previous procedure, create the following two new representations.

Table 2: Example representations.

	Selection
	Coloring Method
	Drawing Method

	water
	Name
	CPK

	resid 1 76 and name CA
	ColorID	1
	VDW


[image: ]24
[image: ][image: ]Create the last representation by pressing again   the Create   Rep button. Select Drawing	Method        QuickSurf for	drawing	method, Coloring Method    Molecule for   coloring   method, and type protein in the Selected Atoms entry. Set the QuickSurf radius scale parameter to 0.7. For this last representation choose Transparent in the Material pull-down menu (Fig. 9(c)). This representation shows protein's volumetric surface in transparent. 
25
Note that you can select and modify different representations you have created by clicking on a representation to highlight it in yellow. Also, you can switch each representation on/off by double-clicking on it. You can also delete a representation by highlighting it and clicking on the Delete Rep button (Fig. 9(b)). At the end of this section, your Graphical Representations window should look similar to Fig. 9.

[bookmark: Sequence_Viewer_Extension]
II. [bookmark: The_Basics_of_VMD_Figure_Rendering]The Basics of VMD Figure Rendering
In this section we will introduce some basic concepts of figure rendering in VMD.

[bookmark: Setting_the_display_background]Setting the display background
Before you render a figure, you want to make sure you set up the OpenGL Display background the way you want. Nearly all aspects of the OpenGL Display are user-adjustable, including background color.
1
Start a new VMD session. Load the 1ubq.pdb file in the 1ubq directory by following the steps in Section IA.
2
[image: ]In the VMD Main window, choose Graphics	Colors	The Color Controls window
should show up. Look through the Categories list. All display colors, for example, the colors of different atoms when colored by name, are set here.
3
Now we will change the background color. In Categories, select Display. In Names, select Background. Finally, choose 8 white in Colors. Your OpenGL Display now should have a white background. 
4
[image: ][image: ]When making a figure, we don't want to include the axes. To turn off the axes, select Display      Axes      Off in the VMD Main window. 


[bookmark: Depth_perception]Depth perception

Since the systems we are dealing with are three-dimensional, VMD has multiple ways of representing the third dimension. In this section, we will explore how to use VMD to enhance or hide depth perception.

5
The first thing to consider is the projection mode. In the VMD Main window, click the Display menu. Here we can choose either Perspective or Orthographic in the drop- down menu. Try switching between Perspective and Orthographic projection modes and see the difference (Fig. 10).

[image: ]In perspective mode, things nearer the camera appear larger. Although perspective projection provides strong size-based visual depth cues, the displayed image will not preserve scale relationships or parallelism of lines, and objects very close to the camera may appear distorted. Orthographic projection preserves scale and parallelism relationships between objects in the displayed image, but greatly reduces depth perception.
	[Perspective] [image: ] [Orthographic] [image: ]

	Figure 10: Comparison of perspective and orthographic projection modes. 




Another way VMD can represent depth is through the so-called ``depth cueing''. Depth cueing is used to enhance three-dimensional perception of molecular structures, particularly with orthographic projections.
6
[image: ][image: ]Choose          Display    Depth Cueing in the VMD Main window. When depth cueing is enabled, objects further from the camera are blended into the background. Depth cueing settings are found in Display.           Display    Settings. Here you can choose the functional dependence of the shading on distance, as well as some parameters for this function. To see the effect better, you might want to hide the representation with the QuickSurf drawing method. 
7
[image: ]Finally, VMD can also produce stereo images. In the VMD Main window, look at the        Display                         Stereo menu,	showing	many	different	choices. Choose SideBySide (remember to return to Perspective mode for a better result). You should get something like Fig. 11. 
8
[image: ][image: ][image: ]Turn off stereo image by selecting      Display      Stereo.      Off in the VMD Main window.  Also turn off   depth   cueing   by   unselecting   the     Display    Depth Cueing checkbox in the VMD Main window.
	[image: ]

	Figure 11: Stereo image of the ubiquitin protein. Shown here with Cue Mode = Linear, Cue Start = 1.5, and Cue End = 2.75.



[bookmark: Rendering]Rendering
By now we've seen some techniques for producing nice views and representations of the molecule loaded in VMD. Now, we'll explore the use of the VMD built-in screenshot feature to produce high quality images of your molecule.  The ``screenshot'' renderer saves the on-screen image in your OpenGL window. When one desires higher quality images for publication, renderers such as Tachyon (and its hardware- accelerated variants) and POV-Ray are much better choices due to their improved rendering quality and support for advanced lighting and shading. 




9
Hide or delete all your previous representations, and create the new representations shown in Table 3. 

[image: ]Table 3: Example representations.

	Selection
	Coloring Method
	Drawing Style
	Material

	protein and not resid 72 to 76
	Structure
	NewCartoon
	Opaque

	protein and helix and name CA
	ColorID	8
	QuickSurf
	Transparent

	resname GLY and not resid 72 to 76
	ColorID	7
	VDW
	Opaque

	resname LYS
	ColorID	18
	Licorice
	Opaque



[image: ][image: ]10
[image: ]Rendering is very simple in VMD. Once you have the scene set the way you like it in the OpenGL window, simply choose File                             Render... in the VMD Main window. The File Render Controls window will appear on your screen.
11
The File Render Controls allows you to choose which renderer you want to use and the file name for your image. Let's select screenshot for the rendering method, type in a filename of your choice, and click Start Rendering.
12
If you are using a Mac or a Linux machine, an image-processing application might open automatically that shows you the molecule you have just rendered using screenshot. If this is not the case, use any image-processing application to take a look at the image file. Close the application when you are done to continue using VMD. Also remember to insert the rendered image in your report.

[image: ]
13
You have learned the basics of VMD. Quit VMD.


III. [bookmark: Visualizing_Trajectories]Visualizing Trajectories

The time-evolving coordinates of a system are called a trajectory. They are most commonly obtained in molecular dynamics simulations but can also be generated by other means and for different purposes. Upon loading a trajectory, VMD can animate movies of system evolving with time and analyze various structural features throughout the trajectory. This section will introduce the basics of working with trajectory data in VMD.

[bookmark: Loading_Trajectories]IIIA. Loading Trajectories
Trajectory files are typically large binary files that contain the time varying atomic coordinates for the system. Each set of coordinates corresponds to one frame in time. An example of a trajectory file is a DCD file. Trajectory files usually do not contain information structural information as found in protein structure files (PSF). Therefore, we must first load the structure file, and then add the trajectory data to the same molecule, so that VMD has access to both the structure and trajectory information.
1
[image: ]Start a new VMD session. In the VMD Main window, select File	New Molecule....
The Molecule File Browser window should appear on your screen.
2
Use the Browse.	button to find the file ubiquitin.psf in the 1ubq directory. When you select the file, you will be back in the Molecule File Browser window. Press the Load button to load the molecule.
3
In the Molecule File Browser window, make sure that ubiquitin.psf is selected in the Load files for: pull-down menu on the top, and click on the Browse button. Browse for pulling.dcd, that can found in the 1ubq directory. Note the options available in the Molecule File Browser window: one can load trajectories starting and finishing at chosen frames and adjust the stride between the loaded frames. Leave the default settings so that the whole trajectory is loaded. 
4
Click on the Load button in the Molecule File Browser window. You will be able to see the frames as they are loaded into the molecule. After the trajectory finishes loading, you will be looking at the last frame of your trajectory. To go to the beginning, use the animation tools at the lower part of the VMD Main menu (see Fig. 12). You can close  the Molecule File Browser window. 
5
[image: ]For a convenient visualization of the protein, choose Graphics    Representations in the VMD Main menu. In the Selected Atoms field, type protein and hit Enter on your keyboard; in the Drawing Method, select NewCartoon; in the Coloring  Method, select Structure.

The trajectory you just loaded is a simulation of an AFM (Atomic Force Microscopy) experiment pulling on a single ubiquitin molecule, performed using the Steered Molecular Dynamics (SMD) method (Isralewitz et al., Curr. Opin. Struct. Biol., 11:224, 2001). We are looking at the behavior of the protein as it unfolds while being pulled from one end, with the other end being constrained to its original position. Each frame step corresponds to 10ps. Ubiquitin has many functions in the cell, and it is currently believed that some of these functions depend on the protein's elastic properties. Such elastic properties are usually due to hydrogen bonding between residues in beta strands of the protein molecules.

	[image: ]

	Figure 12: Animation tools in the main menu of VMD. The tools allow one to go over frames
of the trajectory (e.g., using the slider) and to play a movie of the trajectory in various modes (Once, Loop, or Rock) and at an adjustable speed.



[bookmark: Main_Menu_Animation_Tools]IIIB. Main Menu Animation Tools
You can now play the movie of the loaded trajectory back and forth, using the animation tools in Fig. 12.

1
By dragging the slider one navigates through the trajectory. The buttons to the left and to the right from the slider panel allow one to jump to the end of the trajectory or go back to the beginning.
2
For example, create another representation for water in the Graphical Representations window: click on the Create Rep button; in the Selected Atoms field, type water and hit enter; in Drawing Method, choose Lines; in the Coloring Method, select Name. This shows the water droplet present in the simulation to mimic the natural environment for the protein. Using the slider, observe the behavior of the water around the protein. The shape of the water droplet changes throughout the simulation, because water molecules follow the protein as it unfolds, due to interactions with the protein surface. When   playing    animations,    you    can    choose    between    three    looping styles: Once, Loop and Rock. You can also jump to a frame in the trajectory by entering the frame number in the window on the left of the slider panel. 

[bookmark: Displaying_multiple_frames]Tutorial 2: Setting Up MD Simulations Using CHARMM-GUI

INTRODUCTION
In this tutorial, we will use the CHARMM-GUI server (http://charmm-gui.org) to convert an all-atom PDB structure to build a simulation system describing the protein in solution along with all the files needed to run the MD simulation of this system.
Here, we specifically generate the input files for the simulations of a protein in NAMD format. NAMD is a molecular dynamics engine that is freely available at http://www.ks.uiuc.edu/Research/namd/ (for all platforms). Here, only preparing the files is required and performing the simulations is OPTIONAL. However, if you are interested in performing the simulation, you need to first install NAMD in your computer. You can find the appropriate version of NAMD for your OS here:
https://www.ks.uiuc.edu/Development/Download/download.cgi?PackageName=NAMD
Once you choose your desired version, a username/password is required to continue. You can choose a username and password to be registered with this website for free and download the software.

PROCEDURE
Note: In many cases, the default option selected by CHARMM-GUI is what the tutorial is describing but sometimes this is not the case. Therefore, read the instructions carefully and make sure you are choosing the options described in the tutorial.

STEP 1: Upload the PDB file of your protein model
From the “Front Page” of the CHARMM-GUI server (http://charmm-gui.org), go to the “Input Generator” section and select the “Solution Builder” module. If this is your first time using the CHARMM-GUI website, you will be directed to register first, which is free and can be done quickly.
Find the Protein Solution System box and type 1ubq in front of the Download PDB File field. Make sure “RCSB” is checked. Proceed to the next step (“Select Model/Chain”). 1ubq is the PDB code for a crystal structure of ubiquitin (Vijay-Kumar et al., JMB, 194:531, 1987) that contains the atomic coordinates of ubiquitin.

Model/Chain Selection Option:
Make sure CHARMM-GUI has detected all segments in your PDB file: The protein (from the first to the last residue) and the water molecules.
Select the “Protein” chain only. Proceed to the next step (“Manipulate PDB”).
PDB Manipulation Options:
Terminal Group Patching:
Use “None” for both termini. Note: You may also patch the first and last amino acids of your protein chain with a standard charged N-terminus group (“NTER”, containing an ammonium –NH3+ group) and a standard charged C-terminus group (“CTER”, containing a carboxylate –COO– group), or with a neutral acetylated N-terminus (“ACE”) and a neutral N-methylamide C-terminus (“CT3”). 
You can leave all other options unchecked unless you need to modify your protein, e.g., by mutation. Proceed to the next step (“Generate PDB”).
STEP 2: Solvate your protein model Waterbox Size Options:
Use a rectangular water box, with a 10 Å edge distance. (This will create a layer of solvent at least 20 Å thick between each image of the protein.)
Add Ions:
Include 0.15 M sodium chloride. Place the ions using the Monte Carlo method. Use “Calculate Solvate Composition” to figure out the number of ions used. This is needed for your report.  Proceed to next step (“Solvate Molecule”).

System Size:
Write down the parameters that have been chosen by CHARMM-GUI.
Periodic Boundary Conditions Options:
Generate grid information for PME FFT automatically.
Proceed to the next step (“Setup Periodic Boundary Conditions”).
Force Field:
Choose the default option of charmm36m.
Input Generation Options:
Ask only for the NAMD inputs.
Equilibration Input Generation Options:
Choose the NVT Ensemble.
Dynamics Input Generation Options:
Choose the NPT Ensemble and set the temperature to 310 K.
Proceed to the next step (“Generate Equilibration and Dynamics Input”).

Click on “view structure” to see the simulation box generated by CHARMM-GUI that includes the cartoon representation of the protein as well as the water molecules and ions. You can rotate the box to make sure everything looks right.

Download the files generated by clicking on the button called “download .tgz”.             Save the file “charmm-gui.tgz”. You do not need to submit this as an Appendix. Instead you will simply need to look for the “job id” provided by charm-gui and report the job id number in your lab report.

STEP 3: Inspect the CHARMM-GUI input files
Decompress the downloaded archive file to create a directory called “charmm-gui” in which all the files needed for the simulation can be found. Locate namd subdirectory within the charmm-gui folder. Files “step1_*” to “step4_*” correspond to what the CHARMM-GUI server has done (using the software CHARMM) to read the PDB file provided, to solvate the system, to set up periodic boundary conditions, and to perform a quick equilibration.
Files “namd/step4_equilibration.inp” and “namd/step5_production.inp” (in the “namd” subdirectory)  can be used to run NAMD. These are the main input files for NAMD that provide information regarding the details of the simulations to the namd software, although they do call some of the other files. Take a look at these two input files to get an idea about the parameters. For instance, you can see that temperature is set to 310 K in both simulations and pressure is set to 1.01325 bar in the production run.

STEP 4: Run the equilibration simulation (OPTIONAL)
Run the equilibration simulation in the background if you have namd on your computer (otherwise, first install namd; see first page of this tutorial). Navigate to the namd folder (you may use the command cd in a command-line terminal to do so). Use the following command to perform your equilibration simulation in a terminal. You can periodically check the log file to see the status of the simulation. The equilibration starts with 10,000 minimization steps, followed by 125,000 MD steps (or 250 ps, given that each step is set to 2 fs). The MD simulations are in the NVT ensemble and the protein is harmonically restrained with stiffer restraints applied to the backbone of the protein and looser restraints applied to the sidechains.
namd2 step4_equilibration.inp > step4_equilibration.log &
Note: Once you start running the simulation, you can look for the word “Benchmark” in the log file to find out how long it takes for the simulation to be completed. The Benchmarks provide an estimate for the speed of simulations in two ways: (1) s/step and (2) days/ns. For instance, if the simulation takes 0.100000 s/step, you will need 0.100000  125,000  12,500 s  3.5 hours for the equilibration simulations. Since the protein under study is too small, and CHARMM-GUI’s choice of simulation time is based on bigger protein, you may decide to perform a shorter simulation. This can be easily done by editing the last line of step4_equilibration.inp file. If you choose to do so, you will need to make the edit before starting the simulation or alternatively terminating the initial simulation and rerunning the simulation. The initial files will be overwritten in this case. The shortest equilibration simulation recommended is 25 ps. If you choose to change the simulation time, it is also recommended to change the “dcdfreq” and “outputTiming” values from 5000 to 500 and from 1000 to 100, respectively. These values in the step4_equilibration.inp file determine how often the trajectory (the step4_equilibration.dcd file) is updated (in terms of MD steps) and how often the energies are reported (the step4_equilibration.log file). If you do not make these changes, the simulation will run with no problems; however, you will end up having very few data points to do any analysis.

STEP 5: Run the production simulation (OPTIONAL)
Once the equilibration simulation is complete (check the log file), run the production simulation in the background. The production run is 500,000 MD steps (or 1 ns) and is performed in the NPT ensemble with no restraints.
namd2 step5_production.inp > step5_production.log &
Note: Similar to Step 4, you may determine how long the simulation needs to complete using the Benchmark data in the production log file. You may choose to perform a simulation shorter than 1 ns. The production run needs to be at least 100 ps. Similar to Step 4, you will also need to change “dcdfreq” and “outputTiming” values in the step4_equilibration.inp file.
Upload your log files along your report on Blackboard. You will need the resulting files for the analysis of MD trajectories in the next tutorial but you only need to upload the log files to get the credit for performing the simulations.
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Tutorial 3: Analyzing MD Simulations

In this tutorial, you will use the data generated in the previous tutorial (or the sample data provided in the namd.zip file, if you chose to skip performing the simulation) to visualize and analyze the MD trajectory. You will use VMD for this purpose. Note that you are already familiar with some features of VMD from Tutorial 1; however, more features will be used here.

Step 1: Visualizing MD Trajectories
Use the procedure you learned in VMD Tutorial Steps IIIA and IIIB to visualize the equilibration simulation. Similarly, use the same procedure to visualize the production simulation. Compare these trajectories computationally and explain their differences in your report and discuss why they are different.

Step 2: RMSD Analysis
In this section, you will analyze the extent to which your system has equilibrated using what is known as the Root Mean Square Deviation, or RMSD. The RMSD characterizes the amount by which a given selection of your molecule deviates from a defined position in space. You will use the output files from your equilibration and production simulations to calculate RMSD values and analyze the extent of equilibration of the simulation. RMSD values will be calculated for all atoms of the protein backbone (without hydrogens) for the entire protein. 
Your equilibration simulation generated a trajectory for the system called step4_equilibration.dcd. That trajectory is key to calculating the RMSD of the protein over the course of the equilibration. The simulation was performed in a so-called NVT ensemble in which the number of particles, N, the volume, V, and the temperature, T, are kept constant. The built-in analysis tools in VMD are available under the menu item Extensions  [image: $ \rightarrow $] Analysis. These tools each features a GUI window that allow one to enter parameters and customize the quantities analyzed. In addition, all tools can be invoked in a scripting mode, using the TkConsole window. We will learn how to work with one of the most frequently used tools, the RMSD Trajectory Tool.

1	Load your psf file for the water sphere, step3_input.psf, which is in your namd directory, by clicking File [image: $\rightarrow$] New Molecule... in the VMD Main window. Click the Browse button in the Molecule File Browser window. Find step3_input.psf in the namd directory, and double click on it. Then click Load. 
2	Click the Browse button in the Molecule File Browser window. Find step4_equilibration.dcd and double click on it. Then click Load. You have loaded the trajectory of your equilibration. 
3	Choose Extensions  [image: $ \rightarrow $]  Analysis  [image: $ \rightarrow $]  RMSD Trajectory Tool in the VMD Main window. The RMSD Trajectory Tool window will show up. 
4	In the RMSD Trajectory Tool window, you can see many customizations can be made. For the default values, the molecule to be analyzed is step3_input.psf (the only one loaded). The selection for which RMSD will be computed is all of the protein atoms, excluding hydrogens (since the noh checkbox is on). The RMSD will be calculated for each frame (time t1 in Eq. 1) with the reference to frame 0 (time t2 in Eq. 1). Make sure the Plot checkbox is selected. 

[image: \framebox[\textwidth]{
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...ared, and $r_{i}(t)$\ is the position of atom $i$\ at time $t$.}
\end{minipage}}]
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5	Click the Align button. This will align each frame of the trajectory with respect to the reference frame (in this case, frame 0) to minimize RMSD, by applying only rigid-body translations and rotations. This step is not necessary, but is desirable in most cases, because we are interested only in RMSD that arises from the fluctuations of the structure and not from the displacements and rotations of the molecule as a whole. The result of the alignment can be seen in the OpenGL display. 
6	Now, click the RMSD button in the RMSD Trajectory Tool window. The protein RMSD (in Å) vs. frame number is displayed in a plot. You may save the plot (or save the data and plot it in your desired plotting software). You do not need to include this plot in your report since the plot you will generate in Step 7 contains the same data plus some additional data.
7	You may now go back to the VMD Main window and click on step3_input.psf to highlight this molecule.  Go to File  Load Data Into Molecule. Browse and find the step5_production.dcd file, which contains the trajectory of the production run. You can now repeat steps 3-6 above. The new plot includes both the equilibration trajectory and the production trajectory. Save the plot and provide it in your report. Discuss the behavior of the system and explain why the system behaves differently during the equilibration and production runs.
Step 2: Energy Analysis
VMD includes many analysis tools. One of these, the NAMD Plot plugin, may be used to plot output from NAMD log files. This VMD plugin uses the program namdplot, which gets the relevant data from the log files for values of energies, temperature, etc. over time. VMD then uses an internal plotting program to plot the data for you. 
[image: \fbox{
\begin{minipage}{.2\textwidth}
\includegraphics[width=2.3 cm, height=2....
...ant data and then use the package {\tt xmgrace} for plotting.}
\end{minipage} }]
1	Launch the NAMD Plot plugin by clicking Extensions [image: $\rightarrow$] Analysis [image: $\rightarrow$] NAMD Plot in the VMD Main window. 
2	In the NAMD Plot window, select File [image: $\rightarrow$] Select NAMD Log File, select the file step4_equilibration.log and click Open. 
3	All the thermodynamic variables from the NAMD log file are available for plotting as shown in the VMD NAMD Plot window. TS stands for time step, BOND for bond energy, and so forth. Click the box marked TEMP and then select File [image: $\rightarrow$] Plot Selected Data. This will get all the temperature data from the log file and plot it over time. Save your plot, provide it in your report and explain the behavior.
4	Repeat Step 3 for TOTAL (total energy). 
5	When you are finished examining the plots, close the Multiplot window. 
6	Repeat Steps 1-5 with production simulation (step5_production.log) and discuss similarities and differences.

[bookmark: SECTION00051200000000000000]Step 3: Maxwell-Boltzmann Energy Distribution
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For this exercise, you need a file that contains the velocities of every atom for one instant of the simulation. You will use a file corresponding to the last frame of an equilibration of ubiquitin. Here, we provide you with the file step4_equilibration.vel. Alternatively, you can use any velocity file you have generated if you have run your own simulation.
1	You will now load the structure file. First, open the Molecule File Browser from the File [image: $\rightarrow$] New Molecule... menu item. Browse for and Load the file step3_input.psf. 
2	Now, browse for the file step4_equilibration.vel. This time you need to select the type of file. In the Determine file type: pull-down menu, choose NAMD Binary Coordinates, and click on Load again. Close the Molecule File Browser. 
The molecule you loaded looks terrible! That is because VMD is reading the velocities as if they were coordinates. It does not matter how it looks, because what we want is to make VMD write a useful file: one that contains the masses and velocities for every atom. 
3	Use Extensions  VMD Tk Console window, which allows you to do Tcl scripting.
4	First, you will create a selection with oxygen atoms of all water molecules in your simulation box. Do this by typing in the VMD Tk Consol window:
	set sel [atomselect top “water and name OH2”]
	 


6	Now, you will open a file energy.txt for writing:
	set fil [open energy.dat w] 
	 


7	For each atom in the system, calculate the kinetic energy , and write it to a file
	foreach m [$sel get mass] v [$sel get {x y z}] { 
	 

	   puts $fil [expr 0.5 * $m * [vecdot $v $v] ]
	 

	} 
	 


8	Close the file:
	close $fil
	 


9	Outside VMD, take a look at your new energy.txt file. It should look something like the list below (although the values will not necessarily be the same):
	1.26764386127
	 

	0.189726622306
	 

	0.268275447408
	 

	... 
	 


10	Quit VMD. 
You now have a file of raw data that you can use to fit the obtained energy distribution to the Maxwell-Boltzmann distribution. You can use Microsoft Excel or any other plotting software of your choice to plot the data in energy.txt. However, the data in this file need to be binned and put in a histogram. This can be done in Excel, for instance. Make sure the binning is appropriate to recover the desired Maxwell-Boltzmann distribution function (e.g., bin width of 0.1). There is no need for normalizing and fitting if you choose so. Only provide the plot of the histogram in your report and discuss your results.
There is a +10 extra credit for those who would like to fit the histogram against the Maxwell-Boltzmann formula. If you choose to do so, temperature will be the only unknown that you can determine from your fitting. For kB, use 0.0019872 kcal/mol.K. Also pay close attention to the normalization of your histogram. Note that you need to normalize your histogram  such that  For a histogram that would mean , where  is the bin width and  is the bin associated with the largest energy observed.
[image: \fbox{
\begin{minipage}{.2\textwidth}
\includegraphics[width=2.3 cm, height=2....
...exp\left(-\frac{\epsilon_k}{k_{B}T}\right)}
\end{displaymath}}
\end{minipage} }]
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Mouse modes. Note that each mouse mode has its own charac-
teristic cursor and its own shortcut key (z: Rotate, t: Translate, =
Scale). When you are in the OpenGL Display window, you can use
these shortcut keys instad of the Mouse menu to change the mouse

mode.





image10.png
® © @ Graphical Representations

Selected Molecule

0. Tubg pdb
Create Rep Delete Rep
style Color Selection
@) — o | vBW Name al

Selected Atoms
all

b)— praw style | Selections | Trajectory| Periadic |

Coloring Method Material
(©) — | [Name > Opaque 5
d Drawing Method
(d)— | [vow v Default
spnere Scale §|4] 05 | }|#
spnere Resolution 4[4[ 13 }[#

& Apply Changes Automatically  Apply|

L




image11.png




image12.png
More representations. Other popular representations are CPK and
Licorice. In CPK, like in old chemistry ball & stick kits, cach atom
is represented by a sphere and cach bond is represented by a thin
cylinder (radius and resolution of both the sphere and the cylinder
can be modified independently). The Licorice drawing method also
represents cach atom as a sphere and cach bond as a cylinder, but
the sphere radius cannot be modified independently.
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Structure of ubiquitin.
ahelix (residues 23 to 34, three of them hydrophobic), one short
picce of 3iu-helix (residues 56 to 59) and a mixed f-sheet with five
strands (residues 1 to 7, 10 to 17, 40 to 45, 48 to 50, and 64 to 72)
and seven reverse turns. VMD uses the program STRIDE (Frishman
et al., Proteins, 23:566, 1995) to compute the secondary structure
according to an heuristic algorithm

Ubiquitin has three and one half turns of
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Orthographic versus Perspective Mode. Orthographic mode tends
to be more useful for analysis, because alignment is casy to see,
while perspective mode is often used for producing figures and stereo
images.
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Renderers. The snapshot renderer saves exactly what is already
showing in your display window — in fact, if another window overlaps
the display window, it may distort the overlapped region of the image
The other renderers (<. POV3 and Tachyon) reprocess everything,
So it may not look exactly as it does in the OpenGL window. In
particular, they don't "clip”, o hide, objects very near the camera. If
you select Display — Display Settings. .. in the VMD Main window,
you can set Near Clip to 0.01 to get a better idea of what will appear
in your rendering
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Root Mean Square Deviation. The Root Mean Squared Deviation
(RMSD) is defined as

RMSD = 1]
\ )

where Noiorme is the number of atoms whose positions are being
compared, and r(£) is the position of atom i at time .
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namdplot. The program namdplot is also available separately at
www ks uitic edu/Research/namd/utilities/.  This stand-alone version will retrieve
the relevant data and then use the package xmgrace for plotting.
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Objective: Confirm that the kinetic energy distribution of the atoms in a system corresponds
to the Maxwell distribution for a given temperature.
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Maxwell-Boltzmann distribution for kinetic energy.
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