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INTRODUCTION  

SpringSaLaD is a particle-based, stochastic, biochemical simulation platform.  It is most suitable for modeling 

mesoscopic systems, which are far too large to be modeled with molecular dynamics but which require more 

detail than obtainable with macroscopic continuum models.  A good example of such a system is ligand-

mediated receptor clustering, where coarse-grained particle-level interactions are required but atom-level 

information is not of interest.  In general, SpringSaLaD is best used to model mesoscopic particles (diameters of 

1 ï 10 nm, which could represent a functional protein domain), moderately sized systems (10 ï 10,000 

particles), and times scales on the order of 1 second, but no actual restriction is set on size or scale of the 

simulated system. 

Here we will give a brief introduction to the modeling concepts underlying SpringSaLaD.   The tutorial which 

follows explains all of the features of SpringSaLaD by showing the steps required to build a toy model of 

receptor kinase activation. 

MODELING FRAMEWORK  

Molecules 

SpringSaLaD models molecules as a collection of spherical sites linked by stiff, unbreakable springs.  In a loose 

sense the sites are intended to represent mesoscopic protein domains, such as SH2 domains or catalytic 

domains.  Each molecule is assumed to contain various site types, and each site in the molecule is assigned one 

of these types.  Parameters which define the siteôs physical and biochemical properties are assigned to the type, 

and then each site is assigned to a defined type.   Each site type is associated with a physical radius which 

enforces excluded volume, a diffusion constant, a color (for display purposes only), and one or more internal 

states.  These internal states are used to represent different biochemical states of the same site, for example, an 

enzymatic site which may be either active or inactive. 

As an example to illustrate these concepts, consider protein kinase A, which is composed of two regulatory 

domains and two catalytic domains.  Each regulatory domain can bind up to two cAMP molecules, and each 

catalytic domain can be either active or inactive.  To create PKA in SpringSaLaD, we would first define the two 

site types, regulatory and catalytic.  We would assign three states to the regulatory type to describe the number 

of bound cAMP molecules (0, 1 or 2), and would assign two states to the catalytic type to indicate an active or 

inactive site.   We would then create four sites, assigning two sites to be regulatory sites and two sites to be 

catalytic sites.  Lastly, we would create links (springs) between each regulatory/catalytic pair, and between the 

regulatory sites.  Figure 1 shows a depiction of this model representation of PKA. 
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Figure 1: Model representation of protein kinase A in SpringSaLaD.  The table at top shows the various site 

types, sites, and links used to define the molecule, as described in the text.  The figure at bottom shows the sites 

and their connecting links. 

Reactions 

SpringSaLaD supports a variety of reactions commonly used in biochemical simulations.  

Zeroeth Order Reactions 

SpringSaLaD supports zeroeth order ñcreationò reactions (also known as ñbirthò reactions) which spontaneously 

generate new particles.  These reactions are defined by a rate constant with units of ‘ὓȾί.   

First Order Reactions 

SpringSaLaD supports three general categories of first order reactions, each of which is characterized by a rate 

constant with units of ί . 

a) Decay Reactions 

These reactions spontaneously destroy a particle.  Decay reactions are often used with creation reactions 

in order to buffer the concentration of a particular species.  

b) Dissociation Reactions 

These reactions destroy the spring connecting two sites, which allows to previously bonded sites to 

dissociate.   

c) State Transition Reactions 

These reactions change the internal state at a particular site.  For example, a state transition reaction 

would be used to convert a catalytic site from inactive to active.  Transition reactions are further divided 

into four groups depending on the restrictions placed upon the reaction. 

 

¶ Free.  The reaction can only occur if the site is unbound.  

¶ Bound.  The reaction can only occur if the site is bound.  
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¶ Allosteric.  The reaction can only occur if another specific site in the same molecule is in 

a particular state.  

¶ None.  The reaction can proceed without conditions.  

Second Order Reactions 

SpringSaLaD supports bimolecular binding reactions characterized by a rate constant with units ‘ὓ ί . 

TUTORIAL  

In this tutorial we will show how to use SpringSaLaD to create a simple toy model resembling MAPK 

activation.  Specifically, we will assume the system consists of an extra-cellular ligand, ὒ, a trans-membrane 

receptor kinase, Ὕ, and an intra-cellular substrate, Ὓ, which is activated when phosphorylated by Ὕ.  ὒ will 

consist of a single site with a single biochemical state.  Ὕ consists of three sites: 1) an extra-cellular ligand 

binding domain, ὄ, 2) a trans-membrane anchor, ὃ, and 3) an intra-cellular kinase domain, ὑ.  The binding 

domain has two states which represent different structural configurations in the absence or presence of bound 

ligand, which we simply label as states 0 (no ligand) and 1 (with ligand).  The kinase domain will have two 

states, ñoffò and ñon,ò and is activated by an allosteric reaction once ligand binds to the ligand-binding 

domain.  Ὓ consists of a single site with two possible states, phosphorylated (p) or unphosphorylated (u).  The 

initial condition will have all ὄ domains in the unbound configuration (state 0), all ὑ domains turned off, and 

all Ὓ unphosphorylated.  The observable of interest is the number of phosphorylated Ὓ molecules in the system.  

Figure 2 shows a schematic of the molecules and the reactions in the system, while Table 1 indicates the values 

of the parameters used in this tutorial.   

While simple, this model allows us to show how to use most of the features in SpringSaLaD.  Features which 

are not used in constructing this model will also be discussed in the appropriate sections.   
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Figure 2: Schematic representation of the species and reactions for the system used in the tutorial.  
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Parameter Value 

Ὧ ȟ  ςπ ‘ὓ ί  

Ὧ ȟ  ρππ ί  

Ὧ ȟ  τπ ‘ὓ ί  

Ὧ ȟ  ρπ ί  

ὶ ρπππ ί  

ὶ ρπππ ί  

ὶ  ρπππ ί  

ὶ  ρπ ί  

Ὧ ρπ ‘ὓ ί  

Ὧ ςπ ί  

Ὧ ρπππ ί  

ὶ ρππ ί  

ὶ ρπ ί  

Table 1: Values of the rate constants used in the tutorial example.  These values are all reasonable from a 

biological perspective, but are used here for illustrative purposes and are not intended as an accurate 

representation of any particular system. 

Running SpringSaLaD 

SpringSaLaD requires Java 8.0, which can be freely downloaded from https://www.java.com/en/download/ .  

SpringSaLaD is provided as a pair of JAR files, ñSpringSalad.jarò and ñLangevinNoVis01.jarò.  These JAR 

files contain all program dependencies; for example, Java3D is pre-packaged and does not require the user to 

perform a separate download and install.  Put the two JAR files in the same folder, then double-click on 

SpringSalad.jar.   

Defining Molecules 

Upon opening SpringSaLaD there will be a menu of options in the left-hand panel.  Click on ñMoleculesò and 

then click ñAdd Newò in the center panel.  

https://www.java.com/en/download/
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The center panel will now show the molecule editor pane.  At the top are panels to define the site types, the 

sites, and the links.  To begin we will name the molecule ñLigandò and set it to be ñExtracellular.ò   

  

To define the ligand, we must first add a new site type, which we will call L.  Click on ñAdd Typeò and an 

editor will pop up allowing you to name the type and define its characteristics.  Weôll call the type ñLò, and give 

it a radius of 2 nm and a diffusion constant of ς ‘ά Ⱦί.  Weôll make the site green so that the coloring agrees 

with Figure 2.  The ligand in this example only has a single biochemical state, so we will not add any states to 

this type.  Click ñFinishò and the newly defined type will be listed in the ñTypesò panel. 

(Note: For the ñSite Type Editorò and most other pop-up windows, it is not possible to click ñxò to close the 

window.  This feature has been disabled to force the user to use buttons, such as ñFinishò or ñCancelò, to close 

the window.  This was done so that the program could provide some level of error checking to user input, and 

so the userôs intention was made clear.)    
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We can add a site to the molecule now that weôve defined a site type.  Click on ñAdd Siteò and a site picker 

window pops up.   

 

As we only have one site type to there is nothing to choose here.  Click finish and you will see that the site has 

been added in in the molecule display panel.  
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Now we define the receptor kinase.  Click on the ñMoleculesò tab and again click on the ñAdd Newò button.  

You will be taken to a blank molecule editor.  Name the molecule RK and set it to be on the membrane.  You 

will notice that (1) a site type called ñAnchorò was created automatically, and (2) it was added to a membrane 

structure in the molecule display panel.  The membrane structure may be dragged to a different location in the 

display panel.  Finally, click the ñSet at 2Dò checkbox.   This will force all sites to diffusion in a 2D plane 

parallel to the membrane. 

 

All membrane-bound molecules are required to have an inert membrane anchor whose sole purpose is to tether 

the molecule to the membrane.  Additional anchors may be added if desired.  The molecule display panel also 

indicates the extracellular and intracellular regions of the molecule.  The anchor properties and color may be 

edited as with any other site type, but additional states may not be added.  In this example we will change the 

Anchor type to have a radius of 2 nm.   

We create a second site type called ñBò for the ligand binding domain.   This type will have two states, State0 

and State1, representing a configuration without and with ligand, respectively.  Open the site type editor and 

click on the ñAdd Stateò button.  As these are the default names, just click finish.  

Lastly, we create a site type called ñKò for the kinase domain.  This type will have two states, ñoffò and ñon.ò  

In the site type editor we click on the default state, ñState0ò, and then click ñEdit Stateò to change its name to 

ñOff.ò  We then click ñAdd Stateò and create the state ñOn.ò  The site type editor should show the following 

before clicking ñFinish.ò 
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Now click the ñAdd Siteò button to add a site.  The site picking window will now let you choose between the 

three types defined for this molecule.  Additionally, when adding the ñBò and ñKò types you can choose to add 

them to either the extra- or intra-cellular side of the membrane.   Add a single ñBò site to the extracellular side 

and a single ñKò type to the intracellular side.  The screen should show the following.  

 

Now create links between these sites.  We want to connect the anchor to each of the domains.  Click on the 

ñAdd Linkò button and the link creation window will pop up.  Choose the Anchor site and the B site and click 

ñCreate Link.ò   
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Now add a second link between the Anchor and the K site.  The molecule will look something like this.  

 

To make the molecule linear we will explicitly set the positions of each site.  First drag the Anchor site until its 

y-coordinate (which is shown in the ñSitesò panel) is at 5 nm, and make note of its z-position.  Then click on the 

B site, and in the Sites panel, click the ñSet Positionò button.  A window will pop up allowing you to specify the 

position of the B site.  Keep the x position at 0, set the y position to 5, and set the z-position to be 5 nm less than 

the z-coordinate of the anchor site.  (Assuming the sites each have a radius of 2 nm, this will leave a bond of 

length 1 nm between the sites.)  Repeat these steps for the K site, but now set the z-coordinate to be 5 nm larger 

than the Anchorôs z-position.   The molecule will look like this.  

 

Before finishing with this molecule, click on the K site.  The site panel will show its initial state.  If it is not 

ñoffò, click the drop down box and select the ñoffò state.  Then click on the B site and make sure its initial state 

is ñState0.ò 

Lastly we create the substrate which is phosphorylated by the receptor kinase.  Repeat the steps to add a new 

molecule, call it ñSubstrateò, and set it to be intracellular.  Create a single site type called S with two states, ñuò 

and ñpò, and add a single site to the system.   Check that the initial state is set to ñu.ò  
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3D Editor 

The molecules created above were either single sites or linear chains of sites. SpringSaLaD supports 

construction of an arbitrarily shaped molecule with an arbitrary number of sites.  For example, suppose we want 

to construct a tetrahedral molecule composed of four identical sites.  We create the molecule, make a single site 

type, and add four sites to the system.  Next, click the ñEdit in 3Dò button at the bottom of the molecule display.  

 

A new window will appear which shows the 3D configuration of the molecule.  

  

A particular site may be selected by clicking on it with the mouse. Its current position will be shown in the 

molecule editor panel. It may be translated to a new position by entering the desired translation distances on the 

right in the 3D editor panel, then clicking the ñTranslateò button. 
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To translate multiple sites at once, hold the ñCtrlò key and use the mouse to click multiple sites. When all the 

desired sites are highlighted, enter the desired translation distances, and click the ñTranslateò button. 

 

Links may be directly added between two sites in a molecule. To select two sites hold the ñCtrlò key and use the 

mouse to click on the two sites to link. 

 

Pressing ñAdd Linkò will create a link between the two sites. Similarly, selecting a link and clicking the 

ñRemove Linkò button will remove that link. Only one link between two sites may be added at a time. 
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Additional sites may be added through the molecule editor panel, as in the 2D case.  We will not bother with the 

remainder of the steps required to create the tetrahedron. The rest of the options and buttons in the 3D editing 

panel are especially useful in the creation of a model from a structure file and will be explained as part of that 

process. 

Create 3D Molecule From Structure File 

SpringSaLaD supports the semi-automated construction of a 3D molecule from a protein structure file (ñ.pdbò 

or ñ.cifò format) that contains detailed atomic data about a molecule. The steps to add a molecule from such a 

file to the current model are outlined below: 

1. Navigate to the ñFileò tab. Then select the ñAdd PDB from fileò option: 

  

The user should then select the file using the file browser that is brought up. Following selection of the 

file, a pop up will appear, prompting further input. 

2. Enter the number of sites to generate from the structure file and hit the ñOKò button: 

 

3. Enter coordinates to control automated molecule generation (optional):  

 



15 
 

With no additional input, SpringSaLaD will automatically generate a molecule with the number of sites 

entered. However, the user can control this behavior by ñfixingò sites if the coordinates for the locations 

of important residues in the molecule are known. Fixing a site will ensure that when SpringSaLaD 

automatically generates the molecule it creates a site at the desired user location in that molecule. The 

decision to fix sites is ultimately a user decision based in part on how well the user decides 

SpringSaLaD generated the molecule. 

 

The location of a residue can be found from opening the structure file either in a text editor and 

searching for the location, or viewing the file in a visualization program that can provide the coordinates 

when selecting an atom.  

 

Here using Jmol, an atom at location (-5, -4, 38) is selected. It is important to translate the coordinate 

system used to nm. Once the coordinates are entered, click the ñOKò button. 

 

 
 

The user may input as many fixed sites as total sites entered in the previous step. To stop entering fixed 

sites after any number have been entered (or if 0 fixed sites are desired), click the ñCancelò button.  

 

4. View the molecule and edit the molecule:  

 

To view the automatically generated molecule, find the new molecule under the ñMoleculesò options in 

the left-hand panel. It will appear with a unique identifier that can be changed by changing the molecule 

name. After clicking on the molecule name, the 3D editing window will open. By default, each site will 
















































