Lab Exercises: Answers
1. Representing biochemical reactions, controlling the infrastructure

a. Define a single-step reversible reaction: E + S <-> P

i. define an enzyme E, substrate S, and product P

(def-species-types e s p)

ii. define the reaction-types

{e + s <-> p}
or

{e + s -> p}

{p -> e + s}
iii. using mass-action kinetics, set the rate constants 
kf = 8, kr = 4
{e + s <-> p}.(set-rate-function ’mass-action :fwd 8 :rev 4)
or 
{e + s -> p).(set-rate-function ’mass-action 8)

{p -> e + s).(set-rate-function ’mass-action 4)

iv. define a compartment called C1

(define c1 [compartment])
v. at the command line, add E and S to the compartment

c1.(contains e s)

vi. set the initial conditions: [E]0 = .1, [S]0 = .2

{e.(in c1).conc.t0 := .1}
{s.(in c1).conc.t0 := .2}

vii. what are the rate equations for the various species in compartment c 

1. in moles

find out by evaling e.(in c1).moles.rate
2. in concentration

find out by evaling e.(in c1).conc.rate
viii. create the model: (create-ode-model “esr”)

ix. open Matlab and plot: esr([0 1000])

b. Define a two step model involving an enzyme substrate complex:  E + S <-> ES <-> E + P

{e + s <-> es}

{es <-> e + p}

i. remember to (reset) or (init) the environment!

ii. same initial conditions: [E]0 = .1, [S]0 = .2

iii. rate constants: kf1 = 4, kr1 = 2, kf1 = 2, kr1 = 2

iv. look at the rate equation for the enzyme substrate complex

v. plot in Matlab – how does inclusion of the ES complex change the behavior of the system?

vi. use a custom rate function for the first step:

(E * S ^ H / (Km ^ H + S ^ H)) 
choose some rate constants and plot in Matlab
c. Define a dimensional version of the model you built in a
i. (init)

ii. start a new file which includes b‑user/3d‑ode‑biochem instead of b‑user/ode-biochem
iii. use dimensional rate constants – what should they be?

{e + s <-> p}.(set-rate-function ’mass-action 

   :fwd {.1 / molar / seconds} :rev {.2 / seconds})
iv. define a cubical compartment 50 cubic micrometers

(define c1 [[compartment] {.size.value := {50 micrometers} ^ 3})
v. plot 2 models, one in moles, one in concentration units

2. Molecular Complexes

a. using defmonomer
i. define a kinase K with a single binding site

(defmonomer K a)
ii. a substrate, S with a single binding site and a phosphorylation site

(defmonomer S b (p :states (member :u :p)))
b. write reactions. 

i. K reversibly binds S unphosphorylated S,
{[k a._] + [s b._ p.u] ->> [[k a.1][s b.1 p.u]]}

or

{[k _] + [s _ :u] ->> [[k 1][s 1 :u]]}

or 

{[k] + [s] ->> [[k 1][s 1]]}
ii. K reversibly phosphorylates and unbinds S in a single step
{[[k a.1][s b.1 p.u]] ->> [k] + [s p.p]}
c. use the same rate constants as 1.a
d. integrate in matlab

3. Locations

a. (init), then start a file in non-dimensional mode,

b. using defmonomer define the following reactions, using mass-action kinetics
i. a membrane-bound receptor R membrane binds a ligand L in the outer compartment.
(defmonomer (R membrane) 

(L :documentation “ligand site”)

(K :documentation “kinase site”))

(defmonomer L R)

{[R B.*] + [L] @ :outer ->> [[R 1 *][L 1]]} ; & other equivalent forms
ii. R binds and phosphorylates S in the inner compartment when bound to ligand.
(defmonomer S B (P :states (member :u :p)))

{[[R L.1 K._][L R.1]] + [S B._ P.U] ->> [[R L.1 K.1][L R.1][S B.1 P.U]]}
{[[R L.1 K.1][L R.1][S B.1 P.U]] ->> {[[R L.1 K._][L R.1]] + [S B._ P.U]}
iii. P transports S from the outer to the inner compartment reversibly.  S temporarily binds to the pore as it is transported.  S phosphorylation state does not affect transport. 
(defmonomer (P membrane) B)
(defmonomer S1 B (p :states (member :u :p)))
{[P B._] + [S1 B._ P.*] @ :outer <<->> [[P B.1][S1 B.1 P.*]]}

{[[P 1][S1 B.1 P.*]] <<->> [P _] + [S1 P.*]}
c. define a cytosol, nuclear membrane and a nucleus, putting the nuclear membrane between the cytosol and the nucleus, and making the size of the cytosol twice as big as the nucleus
(define cytosol [[compartment] :size 2])

(define nucleus [[compartment] :size 1])

(define nuc-membrane [[membrane] :outer cytosol :inner nucleus :size 1])
d. put S and L in the cytosol
cytosol.(contains [S] [L])

e. put R and P in the membrane

nuc-membrane.(contains [R] [P])

i. what species are created?

(query species)

ii. what are the concentration rate functions of the species?
(query species).(mapcar ?.conc.rate)
iii. what are the mole rate functions of the species

(query species).(mapcar ?.moles.rate)
f. define the same systems in dimensional units 

i. start a file using 3d-ode-biochem
ii. copy the reactions you defined in 3.b
iii. generate models using dimensional rate constants and initial conditions

4. Substitution tables
a. (init), then start a file in non-dimensional mode

b. define 3 receptors, R1, R2 and R3, each of which has a ligand binding site, L, a dimerization site, D, and a phosphorylation site, P
(with-substitution-table ($R R1 R2 R3)

(define ($R membrane) L D (P :states (member :u :p))))
c. define ligands L1 and L2
(with-substitution-table ($L L1 L2)

(define $L R))
d. first, write a reaction where R1 in the membrane binds L1 in the :outer compartment

{[R1 L._ **] + [L1 R._] @ :outer ->> [[R1 L.1][L1 R.1]]}

e. generalize this reaction using with-data-table so it occurs for all R1-R3 for L1 and L2, using arbitrary values for forward and reverse rate constants
(with-data-table (:rows $R :cols $L :cells ($Kon $Koff))

((
R1
R2
R3)


 (L1   (1 1)    (.5 .5) (3 2))


 (L2   (2 .1)   (1 .4)   (2 1)))

   {[$R L._ **] + [$L R._] @ :outer ->> [[$R L.1][$L R.1]]}.(set-rate-function



’mass-action :fwd $kon :rev $koff)})
f. again, using with-data-table, now write dimerization reactions such that a receptor Rx binds to a second ligand bound receptor, Ry-L for all combinations of R1-3 and L1-2
(with-data-table (:rows $R1 :cols ($R2 $L) :cells ($Kon $Koff))


((

R1
R2
R3)


 ((R1 L1)     (1 1)    (.5 .5) (3 2))
 ((R2 L1)     (1 1)    (.5 .5) (3 2))

 ((R3 L1)     (.1 1)   (.5 .5) (3 2))


 ((R1 L2)     (1 .1)   (.5 .5) (3 2))
 ((R2 L2)     (1 .2)   (.5 .5) (3 2))
 ((R3 L2)     (1 .2)   (.5 .5) (3 2)))
   {[[$R1 L.1 D._ **][$L1 R.1]] + [$R2 D._]
     ->> 
    [[$R1 L.1 D.2 **][$L R.1][$R2 D.2 **]]}.(set-rate-function 

               ’mass-action :fwd $kon :rev $koff)})
