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INTRODUCTION

SpringSalabD is a particleased, stochastibjochemical simulation platform. It is most suitable for modeling
mesoscopic systemwhich 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 coaysaned particldevel interactions are required but atdevel

information is not of interest. In general, SpringSalLaD is best used to model mesoscopic particles (diameter:
17 10 nm, which could represent a functional protein domainyjerately sized systems (1.@0,000

particles), andimes 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 conseyiderlying SpringSaLaD. The tutorial which
follows explains dlof the features of SpringSalLaD 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 byrdiiiakable springs. In a l@s
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
of these types. Parameters which defint he si tebés physical and biocher
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 displgpges only), and one or more internal
states. These internal states are used to represent different biochemical states of the same site, for example
enzymatic site which malye 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 cAMRIlesland each
catalytic domaircan be either active or inagt. To create PKA in SpringSalLaD, we would first define the two
site types, regulatory and catalytic. We would assign three states to the regulatory typertbedthe number

of bound cAMP molecule®®, 1 or 2), and would assign two states to thelytatdype 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) betveeeh regulatory/catalytic pair, and betnehe
regulatory sites. Figure 1 shows a depiction of this model representation of PKA.



| Molecule: PKA |

Site Types Sites Links
1) Regulatory 1) Regulatory 1) Site1tosite2
a) Statel:cAMP_0 2) Regulatory 2) Siteltosite3
b) State2: cAMP_1 3) Catalytic 3) Site 2 tosite 4
c) State3:cAMP_2 4) Catalytic
2) Catalytic

a) State 1: Inactive
b) State 2: Active

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 moleculdessribed in the text. The figure at bottom shows the sites
and their connecting links.

Reactions
SpringSalLaD supports a variety of reactions commonly used in biochemical simulations.

Zeroeth Order Reactions
SpringSalLaD supports zeroetr der fAcr eati ono reactions (also kno
generate new particles. These reactions are defined by @matarwith units of 071 .

First Order Reactions
SpringSalaBsupports three general categories of first order reactions, each of which is characterized by a ra

constant with unitef i

a) Decay Reactions
These reactions spontaneously destroy a particle. Decay reactions are often used with creation reacti
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 intdrstate 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 divide
into four groups depending on the restrictions placed upon the reaction.

1 Free. The reaction can only occur if the site is unbound.
1 Bound. The reaction can only occur if the site is bound.



1 Allosteric. The reactionan only occur ifanother specific site in the same molecule is in
a particular state.
1 None. The reaction ogroceed without conditions.

Second Order Reactions
SpringSaLaD supports bimolecular binding reactions characterized by a rate constant with uriits .

TUTORIAL

In this tutorial we will show how to use SpringSalLeilxreate a simple toy model resembling MAPK
activation. Specifically, we will assume the system consists of anesitrdar ligand,0, a transmembrane
receptor kinas€) and an intraellularsubstrate™Y which is activated when phosphorylatgd¥ 0 will
consist of a single site with a single biochemical stateonsists of three sites: 1) an ex¢ellular ligand
binding domaino, 2) a trananembrane anchpo, and 3) an intreellular kinase domaj . The binding
domain has two ates which represent different structural configuratiorikeabsenceor presencef bound
ligand, which we simply label as states 0 (no ligand) and 1 (with ligafkig kinase domain will have two
states, fAoff o and Allostericoeacian dnce ligandaboitsthevliganhebindind y a n
domain. "Yconsists of a single site with two possible states, phosphoryfatedunphosphorylate¢ir). The
initial condition will haveall 6 domains in the unbound configuratitsiate 0)all 0 domains turned offand

all "Yunphosphorylated. The observable of interest is the number of phosphoiytatdecules in the system.
Figure 2 shows achematic of the molecules and tkactions in the systemhile Table 1 indicates the values
of the parameters used in this tutarial

While simple, this modeallows 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.



Species

Extracellular Ligand Intracellular Substrate

Transmembrane
Receptor Kinase

Reactions

Kroon K ,0
Ligand binding and unbinding: L + B, ML By

kLl,on: kLl,off

L+B &= =N 1.B,

,
Binding domain configuration change: L - B, SL- B,
T
B, - B,
Tac
Receptor kinase activation and inactivation: K, s —fKon when ligand is bound
-
Kon iy Kyrr when K is free
. k1, k2
Substrate phosphorylation: K,, + Sy, «— Ky - Sy
Tp
Kon " Su = Kon - Sp
k
Kon Sy = Kon + S,

Tu
Substrate dephosphorylation: S, =S, when substrate is free

Figure 2: Schematic representation of the species and reactions for the system used in the tutorial.
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Table 1: Values of the rate constants used in the tutorial exafipése values are all reasonable from a
biological perspective, but are udeele for illustrative purposes and are not intended as an accurate
representation of any particular system.

Running SpringSalLaD

SpringSalaD requires Java 8.0, which can be freely downloadedhftpsy/www.java.com/en/download/

SpringSalLaD is

provided

as a

pair of

JOATResé JAR e s |

files contain all program dependencies; for example, Java3D-mapl@ged and does not require the user to
perfom a separate download and install. Putttt@JAR files in the same foldethen doubleclick on

SpringSalad.jar.

Defining Molecules

Upon opening SpringSaLaD there will be a menu of options in tha lafin d
t he

t hen AddNeaok ifin

center

panel

panel

Cl i


https://www.java.com/en/download/

File Tools

) NewModel ' Molecules

, Data Constructs

[asanen | [ Remove ]

Annotation

The center panel will now show the molecule editor pane. At the top are panels to define the site types, the

sites,and thelinksTo begin we will name the molecule ALI ga
Molecule Editor | name: Ligand v: | Setas 2D
Types Sites Links
~ | Radius (nm): ~ | Radius (nm): -
D (um~2/s): D (um~2/s):
Color: Location:
States Position (nm) v
A x: y: z: Length (nm):
~ | mitial State: | v
To define the ligand, we must first addew site type, which we il cal l L. Click on
editor willpopupallowigy you to name the type andcadelfitnhee ittysp
it a radius of 2 nm and a diffusi constant o * & 7i. We 6| | make the site gre

with Figure 2. The ligand in this example only has a single biochemical state, so we will not adcearip stat
t his type. and@hk newlkdefinéditypeiwdllbed st ed i n the ATypeso pa

(Note:For the nASite Type -Epdi wonodowasd mbstsohberppepi

wi ndow. This feature has been disabled to force
thewindow. This was done so that the program could provide some level of error checking to user input, and
so the userds intention was made cl ear.)



i ™
(4] Site Type Editor BRI

States
Mame: |L Stat=0 i
Radius (nm): |2.0
D (um~2fs): 2.0 1l
Color: =T

Add State

Edit State

Remove State

We can add a site to the molecule now t hatckewe v e
window pops up.
| £ Site Editor | —-—
Select a site type

Choose a site location,

Extracellular

As we only have one site type to there is nothing to choose here. Click finish and you will see that the site ha
been added in in the molecule display panel.

1 ]

r
| £/ Langevin Dynamics System Setup: New Madel

File Tools
. New Model fat
- & System Information " . .
& Moleaules Molecule Editor  name: Ligand Location: |Extracellular Setas 2D
"
| Reactions T Sites Links
[#)- || Data Constructs M
L » | Radius {nm): Radius (nm): |2.0 -
D (um~2/s): D (um~2fs): 2.0
Calor: Location: |Extracelular
States Position (nm) -
- x 000 |y:52 =z 850 Length (nm):
Initial State: | Staten - Add Link
- - [ addste ][ Edtsite | [ setPostion Remove Links
addType | [ EdtType | [ RemoveType | || [TAddsieamay | [ RemoveSte || Create Clusie: SetLink Length
I Pixels per nm: 20 | Canvas size: 1,000 =
il -
z(hm =
" 0123475 |E|
(1 a
1
Yoz
(nmj 4
4
b 3
a4 1 3
i Editin 2D Editin 30




Now we define the receptor kinase. Click on the
You will be taken to a blank molecule editor. Name the molecule RK and set it to be on the membrane. You
wi || notice thatndlgr @ wad ecntgapteed ad bteadmditAi cal | y,
structure in the molecule display pan&¢he membrane structure may be dragged to a different location in the
di splay panel Finally, cl i c HlsiteshtediffisiBreina2B plan@ Do ¢
parallel to the membrane.

| Langevin Dynamics System Setup: New Model =anay X

File Tools

Mew Model

# System Information
=} Molecules

o @ Ligand

Low

4] Reactions

Molecule Editor  Mame: Rk Location: embrane | w Setas 2D

Types Sites Links

#- | Data Constructs

Anchar

+| Radius {m):
D {um~2/s):

Color:

Site 0 : Anchor

« | Radius {nm):
D {um~2fs):

Location:

States Position (nm) -

- Xi v z Length (nm):

~ | Initial State: -

L - [ addste | [ edetste | [ setposton |

Add Type H Edit Type H Remove Type |

[ Addstearay | [ Removesite | [ creste Custer |

Pixels per nm: | 20 5| Canvas size 1,000 %

Extracellular Intracellular

z(nm)
012345

=1

Vo2
nm 4

.
8 Editin 2D Editin 3D

All membranebound molecules are required to have an inert membrane anchor whose sole purpose is to teth
the molecule to the membrane. Additional anchors may be added if desired. Thdentbgtay panel also
indicates the extracellular and intracellular regions of the molediide.anchor properties and color may be
edited as with any other site type, but additional states may not be dddki$. example we will change the
Anchor type to have a radius of 2 nm.

We create a second site type Ghisltypeend hateBwo sthtesy Stateb e
and Statel, representing a configuration without and with ligand, respectively. Open the site type editor and
cick on the AAdd Stateo button. As these are the
Lastly, we create a site type called AKO for the
I n the site type editote®Wd®,claindktbhrent e i cd&f @EIDE t
noff. o We then click AAdd Statedo and create the
before clicking AFinish.Oo



Now
t hree

and

cl

a

i ck

t he

| £| Site Type Editor

Mame: K
Radius (nm): |2.0
D (um~2/s): 2.D|

Color: |CYAN

AAdd B site pickidwinddwavitl notvlet yau dhdoseabetwdert tiee.
Addi t

types defined for this molecul e.
them to either the extrarintrac el | ul ar side of t he
single AKO type to the intracell ul
| 2] Langevin Dynamics System Setup: New Model [ B et
File Tools
New Mode! -

# System Information
=] Molecules

----- # Ligand

o 8
Reactions
Data Constructs

Molecule Editor

Name: RK

Location: \Membrane ~ | (7] Betas 20

Types
| Radius (um): (2.0

D um~2/s): [2.0

Sites
Radius (m): 2.0

D (um”2/s): 2.0

Links

Color: |GRAY Location: | Extracellular
States Pasitian (om) -
[Anchor x 000 y:a95 |z [sw Length (nm):
- - [ agdste [ Fdiste | [ SetPoston | Ref s
addType | [ EdtType | [ RemoveType | | | [ AddstcAnay | [ Removesic | [ CreateCuster |
Pixels per nm: | 20/ Canvas size: 1,000/%

z(nm)
012345

Extracellular Intracellular

1]

1

vy 2

)
4 . . @

)

<

i

ar

me mb r axelldar side

S i

i on
Ad
de.

Now create links between these sites. We want to connect the anchor to each of the domains. Click on the
L i ndndthe llink tréation window will pop up. Choose the Anchor site and the B site and click

n
i

Add

Create

Link.

by

0]

10



|£: Link Creator El_lﬂ

First Site Second Site
Site 0 : Anchor - Site 0 3 Anchor -
Site 1: B
Site 21 K Site 21 K
[ Create Link ] [ Cancel ]

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

Z {nm) Extracellular Intracellular
o1 2 3 4 5

@0 =

To make the molecule linear we will explicitly set the positions of each site. First drag the Anchntilsi®
ycoordinate (which is shown i n t he-pdsifon.tTaen olickpratimee |
B site,and inthe Sitgsanel , cl i ck the fASet Positiono button.
position of the B site. Keep the x position at 0, set the y position to 5, and sgidbiéian to be 5 nm less than

the zcoordinate of the anchor site. (Assagihe 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-sebttiénate to be 5 nm larger

t han t he-pdsition.hToernlscule will look like this.

S
ok WM oR O

Z(nm) Extracellular Intracellular
012 3 45

u]

1

Yoz
(nmy 5
4

5

Before finishing with this molecule, click on the K site. The site panel will sit®witial state. If it is not
nof fo, click the dr op ddhemclick onxhe B site and reakeesaré its initiealestaté o

is AStateO0. 0

Lastly we crete thesubstratavhich is phosphorylated by the receptor kinase. Repeat the steps to add a new
mol ecul Sybstrata | | amd diet i tCrdateasibgee sifetypercaledwil § n |l awoo st e
a n o, aind add a single site to thessy e m. Check thatu dhe initial st

11



3D Editor
The molecules created above were either sintge er linear chains of siteSpringSalLalDsupports

construction of an arbitrarily shaped molecule with an arbitrary number of sites. For example, suppose we w.
to construct a tetrahedral molecule composed of four identical sites. We create the molecule, make a single

. . ~ . . by
type, and add far stes to the systemNext,c | i ck t he AEdit i n 3D0 button
Langevin Dynamics System Setup: New Model - [m} x
File Tools
New Model ~
System Inf
2 M‘;,ﬁT‘es ermation Molecule Editor Hame: NewMolecule3 Location: Intracellular -
# Ligand
® RK
* Enzyme Types Sites Links
* m Radius (nm): Site 0 : Type0 A | Radius (nm) A
Reactions |TYpe0 Site 1 : Typed
- Data Constructs D (um~2/s): Site 2 - Typed D (um*2/s):
Color: Site 3 : Typeo Location:
v
States Position (nm)
Length (nm):
~ y:
Add Link
v | mitial State: ~
- v
Add Site Edit Site Set Position
Add Type Edit Type Remove Type
L Bl e Add Site Array Remove Site
Pixels per nm: 203 Canvas size: 1,000/3
z(nmj -
012345
0ttt
1
¥ oz
(nm) 5
4

5
| . .

<
v : I Edit in 3D I

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

- a X

|£] 3D Molecule Editor

Set Translation (nm)
dx: 0.0
dy: 0.0

dz: 0.0

Add Link

Remove Link

Set Radius (nm): 0.0

Apply

Flip X
Flip Y

Flipz

A patrticular site may be selected by clicking owiith the mouselts curren position willbeshown in the
molecule editor panelt may be translated to a new position by entering the desired translation distances on th
right in the 3D editor panel, then clicking the

12



|£/ 3D Molecule Editor — [m] e
Set Translation (nm)
ax 0.0
dy: 0.0

dz: 10

Add Link

Remove Link

Set Radius (nm): 0.0

Apply

Flip X
Flip ¥

Flipz

To translate multiple sitesaton¢tep | d t he ACtrl 6 key and use the mo
desired sites are highlighteghterthe desired translation distances,andi ck t he #ATransl| at

Links may be directly adddaetween two sitein a moleculeTo selecttwsitesh ol d t he fAuSdthel o
mouse to click othe twosites to link.

|£] 3D Molecule Editor — =] e
Set Translation (nm)
dx: 0.0

dy: (0.0

dz: 0.0

Add Link

Remove Link

Set Radius (nm): 0.0

Apply

Flip X
Flip ¥

Fiip 2

Pressing fAAdd Linko wwdsites. Simikryy tseectmg alinkmarid clickeng thee e n =t
ARemove Linko but t dnlyowdlihklbetweetwosites magbé addedtiaitimek .
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|£] 3D Molecule Editor — n] e
Set Translation (nm)
de 0.0
dy: 0.0

dz: 0.0

Add Link

Remove Link

Set Radius (nm): 0.0

Apply

FlipX
Fiip ¥

Fiip Z

Additional sitesmay be added through the molecule editor panel, as in the 2D case. We will not bother with tt
remainder of the steps required to create the tetrahebinemestof the options and buttons in the 30ted)

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 FronStructureFile

SpringSalLaD supports the seautomated construction af3D molecule from a protesxt r uct ur e f i |
o r fforroal) thab contains detailed atomic data about a mole@le steps to add a molecule from such a

file to the current model are outlined below:

1. Navigate to the fikel @eAdd aBDBTheomskillked optior

|£ | Langevin Dynamics Sy
File Tools

Save -
Save As
Load
Add PDB from file
Close
Exit

| - Data Constructs

The usesshould 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 fromthe struetu f i | e and hit the @AOKO

Input X

'Q Please input number of sites wanted:
7

Cancel

3. Enter oordinates to control automated molecule generdtptional)

14



With noadditionalinput, SpringSaLaD will automatically generate a molecuté wie number of sites
entered. Howevet, he user can control this behavior by
of important residues in thmoleculeare knownFixing a site will ensure that when SpringSaLaD
automatically generates the molecule it creates a site at the dessrddcation in that molecul&éhe
decision to fixsites is ultimately a user decision based in part on how well the user decides
SpringSalLaD generated the molecule.

The location of a residue can be found from openingtheturefile either in a texeditor and
searching for the location, orewing the file in a visualization program that can provide the coordinate
when selecting an atam

Hereusing Jmalan atom at location§, -4, 38) is selged It is important to translate the coordinate
systemusedtonf@nce the coordinates are entered, cl i

The usemayinputas many fixed sites @stal sites entereth the previous ste@o stop entering fixed
sites after any numbeafie beenenterddor i f O fi xed sites are desi

4. View the moleculand edit the molecule

To view the automatically generated molecule, find the new molecule thedfolecule® options in
the lefthand pagl. It will appear with a unique identifier that can be changed by changing the molecule
name. Afterclicking on the molecule namte 3D editing windowvill open. By default, each site will

15








































































