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Abstract

We present a practical method for simplifying Markov chains on a potentially large state space
when detailed balance holds. A simple and transparent technique is introduced to remove states
with low equilibrium occupancy. The resulting system has fewer parameters. The resulting
effective rates between the remaining nodes give dynamics identical to the original system’s
except on very fast timescales. This procedure amounts to using separation of timescales to
neglect small capacitance nodes in a network of resistors and capacitors. We illustrate the
technique by simplifying various reaction networks, including transforming an acyclic four-node
network to a three-node cyclic network. For a reaction step in which a ligand binds, the law of
mass action implies a forward rate proportional to ligand concentration. The effective rates in the
simplified network are found to be rational functions of ligand concentration.
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1. Introduction

Markov chain models (MCM) have numerous important applications in biology, chemistry,
computer science, and engineering systems (Norris, 1997). In biology for example, Markov
models have contributed a great deal towards understanding the function and structure of ion
channels, enzymes, ligand-binding proteins, and population process. A common problem
with Markov chains is the large state space that these models span in many applications.
State aggregation is perhaps the most straight forward way to deal with such large chains
when some sets of states can be treated as indistinguishable (Stewart, 1991; Deng et al.,
2009). Spectral methods have become popular for aggregating states and model
simplification (Huisinga et al., 2004). However, the requirement to compute eigenvectors of
the Markov transition matrix for a large dimensional space makes spectral methods hard to
implement, and results in a complex mapping between the original states and the resulting
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aggregated states. This motivates a simpler method for model simplification, the subject in
this paper.

In many cases, Markov chains contain states that have relatively low probability of being
occupied, but may serve as important transition gateways between high occupancy states.
We show that it is possible to simplify these models so that low-occupancy states do not
appear in the simplified chain, but their effect is included in the model. The elimination of
the low occupancy states affects the rates between the remaining states. This reduction can
yield complicated reaction rates that reflect the physics of the eliminated states. For
example, it can introduce non-trivial ligand dependence into the rates of the reduced model.

Understanding this class of simplified models can be important for interpreting results of
fitting data with Markov chains. Colquhoun has argued that one should never fit data to the
Hill equation (defined below) because it represents a “physical impossibility” (Colquhoun,
2006), in that integer Hill coefficients greater than unity suggest simultaneous binding of
multiple ligands, with no intermediate steps. We agree that there is no physical justification
for a priori fits to the usual Hill equation, but we show that the Hill equation with any
positive integer coefficient does represent a physical situation. It might happen that the
statistical best fit (based on, for example, the AIC (Akaike, 1974) or BIC (Schwarz, 1978)
criteria which penalize for overfitting) of the ligand dependent probability of occupancy, p,
of some state of interest yields a Hill equation with coefficient four: p = d L/(1 + d L%
where L is the concentration of the ligand. Uncovering such a Hill equation does not imply
that four ligands bind simultaneously. Rather we will show that it implies the intervening
states with 1 — 3 ligands bound have relatively low occupancy compared to the states with 0
and 4 ligands bound. That is, although the “true” occupancy might be given by p = dL#/(1 +
aL + bL2 + cL3 + dL4) it can happen that using nonzero values for a, b, and ¢ does not
improve the statistical quality of the fit. Colquhoun did not address the question of how to
proceed if one uncovers a Hill equation during the fitting process but we suspect he would
agree that one ought not to introduce parameters for which there is no statistical evidence
(such as a, b, c).

This raises a question. If a Hill equation with a Hill coefficient greater than one is found to
provide the statistical best fit for the ligand concentration dependence of the equilibrium
occupancy of some observable state, what ligand dependent rates should be used to connect
the unbound and fully bound states? A maximum likelihood fit to time series data keeping
all the states will be found to have neutral directions in the space of parameters because the
model is over-parameterized relative to what the experimental data can constrain. One might
try to resolve the issue experimentally by collecting more data, but this will likely be time-
consuming, expensive, and not practicable. The low-occupancy states can add unnecessary
complexity to Markov models. However, completely ignoring the low occupancy states is
not appropriate either as they can introduce non-trivial ligand dependence for the
experimentally inferred rates. The ligand dependence of the rates can provide crucial insight
into the structure and function of the system under consideration. In essence we are
disgarding processes with fast time scales. The mathematics of “multi-scale” methods goes
back at least to the late 19th century (Lindstedt, 1882). The purpose of the current
manuscript is simply to point out that for reversible Markov chains a nonstandard
parameterization renders the elimination of the fast processes trivial. We show that in many
cases, it is easy to write down the correct ligand-dependent rates, essentially by inspection.

The rest of this paper is organized as follows. In the next section, we discuss detailed
balance and reversible Markov chains and show how to simplify a 3 state reversible Markov
chain with a low occupancy state to a two state Markov chain. We also discuss the energy
landscape of the full and simplified chains. We then show that reversible Markov chains are
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equivalent to resistor-capacitor networks, and that our simplification amounts to neglecting
small capacitances. We show how to construct the equivalent circuit for the general problem
using a known result from circuit theory. In section “Examples” we work through several
cases that we think ought to be of general interest, one a linear 5-state chain which runs from
0 to 4 ligands bound, a chain with multiple ligands dependence, the simplification of a 4
state model with no cycles to a 3 state model connected in a loop, and finally the well-
studied Monod, Wyman, and Changeux (hereafter referred to as MWC) model (Monod et
al., 1965) in the Hill equation limit. We simplify the MWC model to a two state chain and
compare the distribution of first passage times to go from one high occupancy state to
another in both the full model and in the simplified 2-state model. The approximation is
singular; at any finite time the probability of making the transition converges for the two
models but for infinitesimal times the distributions do not converge. The details of these
calculations are addressed in the Appendices. Finally, we summarize the main findings of
the paper in the conclusions section.

2. Reversible Markov Chains

Finite state Markov chains obey an evolution equation of the form:

dp
= 1
PP O
where p is a vector with pj(t) being the probability that state i is occupied at time t. The
generator matrix Q contains the transition rates from state i to state j. The diagonal entries of
Q satisfy Qjj = —Xjz Qjj. We assume that there is a unique equilibrium vector of steady state
occupancies, w which satisfies:

wQ=0. (2)

Note also that the vector containing all ones, which we denote by u, satisfies Qu = 0. Our
primary goal in the present work is to show how to construct an approximate chain to the
“true chain” that obeys an evolution equation:

dp _~

E—PQ 3
where p and Q are the reduced probability vectors and generator matrices. This is
straightforward for reversible Markov chains in the case that some of the states have very
low equilibrium probabilities (or occupancies). In particular we will show that reduced
generator, Q can be constructed using known methods from circuit theory.

In this work we are considering only the important special case of chains which obey
“detailed balance” or microscopic reversibility, also known as “reversible” chains. If one
starts from an arbitrary rate matrix and tries to impose this condition loop by loop, detailed
balance seems to introduce great complexity. Detailed balance reflects time reversal
symmetry, and if the system is expressed in a way that manifestly satisfies detailed balance
(YYang et al., 2006; Fredkin et al., 1985; Kolmogorov, 1936; Onsager, 1931) then the
equations become simpler rather than more complex. A chain is reversible if and only if
wiQjj = wjQjj for all i, j. We define a diagonal matrix W by

Wi=w; @)

in terms of which the reversible condition can be written WQ = (WQ)T.
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The matrix WQ gives the directional probability flux at equilibrium from state i to state j, by
which we mean the equilibrium occupancy of state i times the rate from state i to j. For

Al w=y [ Wa O
example for the two state chain " %~ >~ 7 \ 0 w, /, where wp=1and wg =K /ky
are the unnormalized occupancies of states A and B relative to A. Z = wp + wg and

Q= ko wWQ=1 —kp Ky o
kr —Fkr ) so that 7\ kf —ks ). Atequilibrium, there are equal and
opposite fluxes of magnitude ks /Z between the two states.

2.1. Equilibrium Flux

Because of its fundamental importance we denote the symmetric matrix WQ by

J=WQ 5
where Jj; (i # J) is the equilibrium flux of probability between states i and j and Jj; = =XjxiJjj.

In the remainder of this paper we use “state occupancy” and “equilibrium flux” parameters
to parameterize the Markov chain as suggested in (Yang et al., 2006) instead of reaction
rates. The two approaches are mathematically equivalent but the occupancy-equilibrium flux
parameter approach automatically satisfies detailed balance and is more intuitive because it
separates thermodynamic quantities (equilibrium occupancies, or state energies) from
kinetic quantities (equilibrium reaction fluxes, or transition state energies). Thus we can
write:

Q=W=tJ (6
so that Eq. (1) can be written:

d
—=p L ()

We will see that states for which the occupancy is very low can be eliminated by taking the
limit w; — 0 while maintaining finite fluxes through state i.

2.2. Reduction of a 3 state chain to 2 states and the energy landscape

To explain our approach, we reduce the following 3-state chain to a 2-state chain by
discussing the energy landscape of this reaction.

k k
AZBEC @
kBA kCB

where kag is the reaction rate from state A to state B, etc. If the occupancy of B is
vanishingly small, one would expect that replacing the full chain by an effective chain:

kAC
A=C (9

kCA

with effective rates should be legitimate on time scales long compared to the equilibration of
the B state. In the low occupancy limitL, the rates out of B become fast and the B
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equilibration time goes to zero. As the limit is approached, the time spent in B becomes
negligible compared to the mean time to go between A and C. If the effective chain is to
approximate the full chain, the mean times to make the transitions from Ato Cand C to A
should agree in the two chains.

Energetically, low occupancy states are local minima high in the energy landscape. In Figure
1 we show the energy landscape corresponding to the reaction given by equation 8. Our
parameterization does not require Arrhenius temperature dependence for the reaction rates
but Arrhenius kinetics allows for a more intuitive understanding of the equilibrium flux/
occupancy parameterization. We write:

k.,=koe

for the rates where kg is Boltzmann’s constant and T is the absolute temperature. The energy

Ep is the energy of state A etc. The energy EiB is the energy of the unstable transition state
between A and B (which can be defined as the state with maximum energy state along the
most probable trajectory connecting A with B, as illustrated in Figure 1). The rate, kg, is the
number of attempts to cross a barrier per unit time. For simplicity, we take this to be the
same for all reactions, but differences could be absorbed into the transition state energies.

Denoting the flux at equilibrium from A to B by Jag etc., and the occupancies for state A, B,
and C, by wp = e EA(KBT)/Z etc., with Z = e EA/kBT)+¢-EB/(kBT)+ ¢~EC/(KBT) e have:

(2l B, Bl
_ - kpT ko, k,T
J, p=w koe , B 7€ 1;
£ k 7TEB) k *f T
— C 7& <
Jy =wykge B =Ze ?
_ (Bpc—Fp) 3 _Epe
— kpT __ ko kT
Jpe=wzkoe ) B =Ze 'B
_Fre—Fc) k _Bhe
— S kT _ ko kT
Jop=w ke B =Ze "B

for the fluxes. The fluxes are confirmed to be symmetric: Jag = Jga, Jgc = Jcg, Which
shows that Arrhenius kinetics on an energy landscape obey detailed balance, as expected.
The generator matrix is:

INote that the term “low occupancy” does not imply that the occupancy of a low occupancy state is less than that of all the high
occupancy states under all conditions. Rather, it means that the occupancy of low occupancy states is negligible compared to at least
one of the main states under all conditions. See Figure 5 inset for an illustration.
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Fp Fhe
T
0 0 e"B 0 ¢ FpT
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Note the separation between thermodynamic quantities (Ea,Eg,Ec) and kinetic ones (kg and
transition state energies). The generator matrix for other topologies takes this same general

form, with the inverse occupancy of state i being proportional to eE/(<BT) and the flux

between states i and j being proportional to e—Efj/ (k5 T). The exact mean first passage time

to go from A to C, 7ac, is given by (Fredkin et al., 1985):

T=—(1,0)- Q! u,,

where A represents the two states A and B aggregated together, and Q... denotes that part
of Q that connects states within A to each other (in this case @.. is the first two columns of

the first two rows of Q), so that:

i i

) Eap _Eap

i = —e FpT ¢ FpT
Qo =ko 0 1 o et ok
wp __AB __ADB __BC
Pl  _e FpT _g FpT

and "4 = (1, 1)T is just u confined to the subspace 4, and (1, 0) is the initial state. So,

(11)

The low occupancy limit (of the B state) obtains when Eg — Ep > kgT and Eg — E¢c > KkgT.
In this case, the mean times to go from A to C and C to A simplify to:

J Theor Biol. Author manuscript; available in PMC 2014 February 20.
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These are the approximate mean transition times. Thus we define effective (approximate)
rates

+ + -1 (EBfEA) -
E B E
Eo= I L kBAT k;”’]g" o |1 € 16
so = —— ~hoe™T (T T | = T (16)
Tac AB BC
1 E EiB Egc -1 1 (E]z TEO) '
2 ZBC e B
ko, = — = koe*s" | e*BT +e*BT = k——f—T L@
Tca cB BA

and effective fluxes:

i 1 -1 o t -1
Ey Zap  Epc ko [ Zap  Zec
Joo =w, k,=w, koe*s" [ e*sT 4T = e*sT 4e*BT . (18)

Note that

_ _1.—1
Jao=(J 1 +T0) (19)

This is an important general result that applies whenever a low occupancy state connects to
only two other states, as will become clear in section “Reversible Chains are Equivalent to
RC networks”. We can interpret equation 18 in terms of an effective barrier height between

states A and C, E* , such that:

AcC?
-1
ko _Fhe ko Eip P
Jo=—e 5T = - efsT te*sT (20)

by defining

i _pt
EBC EAB

Ef =B, +k,Tlog(1+e "7 ) @D

which simplifies in two limits. If —M—Aﬁ > 1then EI Efgc to good approximation. In

words, this limit simply means that |f the difference in the barrier heights E%  and E% s
large compared to kgT, then the presence of the lower barrier has negligible effect.

i _gt
The other simplifying limit is when EB—”,CTITEAE ~ 0 in which case we find
Eic ~ Efm—kkBTlog(Z) which at first glance might not appear particularly intuitive.
However, noting that the effective flux is written: Jo="0e FpT L k T we find that
1.7 _which says that the fluxes from A to B and from B to C are equal, and
the efﬁectlve flux?rom Ato C is half as much. The mean number of A-B transitions the
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system makes while transitioning from A to C is 2 in this case because once the sytem is in B
it has equal odds of hopping to A or C.

The exact distribution of first passage times to go from A to C, f(t) can be shown to be:

e—kst_e—)\jt

femact(t):_(:l’O)QQ,Q{,Q{thdud:f (22)

1
Xs 2

for small wg the fast and slow decays (1 and Aq respectively) are given by:

: o —1 t %
EAB EB(‘ EA EB

_AB _BC __AB __BC
As R i—’:’(e T 4e*s” ) and A\ & %f(e *sT +e *5T). Note that as wg — 0 we have g
— kac and s ~ co. At t = 0 the exact distribution function is identically zero:f €xact(0) = 0
while the approximate distribution function, kace KACt is simply kac at t = 0. At any finite

time the exact and approximate distributions converge as wg — O.

2.3. Reversible Chains are Equivalent to RC networks

Equation 7 is formally equivalent to Kirchoff’s law for an RC circuit in which a collection
of capacitors are connected to ground on one side and to each other via a network of
resistors on the other side with p; the charge on the it" capacitor which has capacitance w;
and J;j is the conductivity between the i and j' nodes (which is symmetric) (Figure 2). The
condition Jjj = —Xjzj Jjj is Kirchoff’s junction rule which states that the sum of the currents
into a node must be zero. Detailed balance follows from the fact that the conductivity of a
passive resistor is the same in either direction which follows from Ohm’s law. At steady
state no current flows in an RC circuit. The voltage across the it" capacitor is g;/C; where g;
is the charge on the it capacitor (which has capacitance C;). As an initial charge distribution
relaxes to equilibrium, current flows until the voltage across each capacitor is the same. This
voltage is the total charge ( 2) over the total capacitance ( ¢), 2/C which we take to be one
volt. The analog to voltage in the Markov case is pj/wj. The energy stored in the capacitors

initially is 1/2 ZﬂiVizl/2 Zﬂ?/Ci. As time goes by this is dissipated via joule heating in
the resistors until it reaches 1/2 % i x1 volt = 1/2 2 x 1 volt. In the Markov case with initial

probability p; for being in the ith state, the “energy” is initially 1/2 _ »; /wi which

dissipates until it reaches 1/2 w7 /wi=1/2)  wi=1/2, In the Markov case, as an initial
probability distribution relaxes to equilibrium, probability flows until the “voltage” for each
state is unity. Note that, provided all the capacitors in the RC network are actually
connected, the final charge distribution is independent of the network. For the Markov case,
the final probability distribution is independent of the network. One cannot use equilibrium
probability distributions to infer the network and one cannot use the final charge distribution
to infer the connectivity of the capacitors. Just as information on the time dependent flow of
charge is required to make inferences regarding the resistor network, information on the
time dependent flow of probability is required to make inferences regarding the connectivity
of reversible Markov chains.

The crux of this paper is that small capacitors (small occupancies) can be neglected. Any
node that has a very small capacitance can be removed from the network. After these
capacitors are removed, the low capacitance nodes can be removed by connecting the
remaining nodes with resistors having the correct resistances. Equation 19 is a corollary
based on the fact that the resistances of resistors in series add. 1.e., the inverse of the
effective flux through a linear chain is just the sum of the inverse node to node fluxes along
the chain, since flux is analogous to electrical conductance (or inverse resistance). Another
corollary is that for parallel paths the fluxes add, just as conductances do for parallel
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resistors. Although this approximation may cause large errors on very short timescales, the
duration of the errors is often so short as not to be noticed. For example, any connection
between two resistors can hold some tiny amount of charge and therefore has some
capacitance relative to ground. Yet, formulas for adding resistors in series or parallel are
taught without concern for the violations that must be present on very short time scales.

We will see later that the flux matrix, J for the simplified chain (equation 3) can easily be
constructed by a series of “Y — A” transformations that have been used in circuit theory since
the late 19th century (Kennelly, 1899; Akers Jr, 1960; Knudsen and Fazekas, 2006; Van Lier
and Otten, 1973). The resulting network can then be simplified so that some links are
replaced by combinations of rates (or flux parameters). With the states ordered so that the
high occupancy ones come first followed by the low occupancy ones the reduction can be
achieved by the following sequence of transformations which in essence removes the low
occupancy states one state at a time (the transformations will be explained further with
examples in section 3.2).

Jr=(J!

sk—1 _ . L.
i i +‘]ztk BF?tkl)fOI‘Z;/:j; 7".7:]-327"'7tk—1 (23)

~k—1
J.
k—1__ Jtg
BEj =271 @
Zm#t;‘, Jmtk

tk:nlow+nlligiz_k+l (25)
k=1,2,... Ny (26)

j: jnlmu (27)

where nyqy, is the number of low occupancy states, npigh is the number of high occupancy
states, and JO = J. The diagonal entries at any point in the sequence are of course given by

jk—l_ jk—l . . .
i *_Z#i ij . In the preceding, tx indexes the low occupancy states. The quantity

BF;Z;I is the “branching fraction” and denotes the fractional flux between state j and the
low occupancy state ty. In essence this transformation removes each low occupancy node
one at a time and interconnects all the states that were previously linked to the removed
node. If the high occupancy states are renormalized so that w; = wj/z with z set by the

. . . Thigh ~ .
normalization condition: Zl:f w;=1, the transformed flux matrix must also be
renormalized J — J/z. Finally the reduced system obeys:

dp . 1

E:pﬁ77 J (@8)

A Mathematica program that performs this reduction on random flux matrices is in the
online supplement. While the reaction steps in the original process can be considered as
“elementary”, the reaction rates in the reduced process are not elementary. Consequently,
the reduction procedure can give complicated ligand dependence for reaction rates between
the remaining states. For example, in the full model discussed in section 3.1 (equation 29),
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the transition rates from E,4 to S along the chain are ligand independent. However the
effective rate from E4 to Sy in the reduced 2 states system is ligand dependent.

3. Examples

In this section we perform 3 simplifications on models that we think might be of general
interest. We begin by discussing a 5 state linear chain in which the states have 0, 1, 2...4
ligands bound but only the unliganded and quadruply liganded states have high occupancy.
We then consider the MWC model for a tetrameric molecule which binds ligand. We
consider the MWC model in the Hill limit, for which only the states with 0 and 4 ligands
bound have high occupancy. Finally we consider a 4 state acyclic model in which three
states are all connected to the same low occupancy state. The resulting 3 state model has a
cycle but still automatically obeys detailed balance.

3.1. Alinear chain
Here we consider the following chain:

joiL/Ko  j12L?/K1L  jasL®/KoL?  jgsL*/KsL?

0 Ey. (29

~ ~ 2 ~ 3 ~
Jjo1L/K1L  j12L2/KoL?  josL3/K3L3  jaqL4/K4L4

As shown in (Yang et al., 2006), we have written the rate from state X; to X, equal to the
ratio of flux between X and X, and occupancy of X; where | and m is the number of ligands
bound in X| and Xy, respectively. The (unnormalized) flux between states X; and X, is
jimLMa(m) and the (unnormalized) occupancy of state X; is written as KL!. Only energy
differences are relevant, so we can give unit unnormalized occupancy to the unliganded
state, Sp (i.e. Ko = 1). Denoting the normalized occupancies of state X; by w), we have w; =
KILYZ with Z = 1 + KjL + KyL2 + K3L3 + K4L4. If the occupancies of the intermediate states,
t1, tp, and t3 are negligible compared to max(wg, W), then the mean times to go from Sy to
E4, 75pE4, and back, 7g,s, are given by:

1 1 1 1
Ta =——- =+ - = -
SoEs~ jouL | j12L? T jaszL3 ' jguL4

7—E4SO =K4L (j01L +j12L2 +j23L3 —1—1'34L41 )

Details of reaching these expressions using generator matrix theory are given in Appendix
A. In Appendix B, we demonstrate the simplification of an example where the states have
binding sites for multiple ligands.

3.2. Reduction of an Acyclic Model to a Cyclic Model: Application of the Y — A”
Transformation

Next, we consider the case where the chain has more than one branch. An example of such
case is shown in Figure 3a. If the state labeled “t” represents a low-occupancy state then the
system can be simplified to the chain shown in Figure 3b via the “Y — A” transformation
discussed in section 2.3. We denote the (unnormalized) occupancies of the states (A, B, C)
by Ka, Kg, K¢ respectively. The effective probability flux from A to B, Jag, is the product of
probability flux from A to t, Jat, and the fractional probability flux flowing from t to B (see
equation 23). Notice that there are no direct fluxes between the high occupancy states in the
full scheme (Figure 3a) therefore, the first term on the right hand side of equation 23 is zero.
Thus, the effective fluxes between high occupancy states, A, B, and C are given by:
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Jun=Ju, X BFYy, (30)

where M, N = A, B, and C. The branching fraction of probability flux from state N to t given

I

by equation 24 is BFn:= S~ s 1=A, B, and C. The denominator in BFy; is the total
probability flux out of t.

— JueIne

The effective rates from M to N (with M # N), k., are given by: Kun= Ko > FOT
example in Figure 3b, ’

J,.J 1 K 1 1 k., K.\ !
e AtY Bt :(__A+n_+_ﬂ_c) (31)
KA Zi‘]":t kBt KB kAt k kBi K

At B

The reader can check that detailed balance is satisfied.

In situations where the high occupancy states in the “Y” chain are linked directly in addition
to the links through the low occupancy state (see Figure 3c for an example), the first term on
the right hand side of equation 23 is non-zero (Akers Jr, 1960; Knudsen and Fazekas, 2006;
Van Lier and Otten, 1973). For example, the effective flux between the high occupancy
states after simplifying the chain in Figure 3c to a “A” loop is given by

J J
Joo=J o TMLTNL g,
MN M N (dir) Zi‘]it (32

where Jyndir) is the probability flux for the direct link between high occupancy states M
and N.

Any complex network can be reduced by applying equation 23 to all branches involving low
occupancy states. The simplification would result in a fully connected (&, O, ©, ©, .....)
loop depending on the number of high occupancy states (3, 4, 5, 6, .....) in the original (Y, X,
*, *, .....) branch. Each state in the resultant loop would be directly connected to all other
states.

3.3. The Tetrameric MWC Model

The MWC model was developed by Monod, Wyman, and Changeux as a model for allostery
in hemoglobin (Monod et al., 1965). For historical continuity we use the original MWC
notation except that we use L for ligand concentration (instead of their F) and A (instead of
their L) for the occupancy of the “tense” state, To, relative to the “relaxed” state Rg. The
original MWC model considered only thermodynamics, not Kinetics, so we must make a few
assumptions regarding the dynamics. For the usual tetrameric case, we write the MWC
model as follows:
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j’rtA
Ry = To
Jrt
jrr1 Ljrr% jtt1 tht;_;
jT‘tAC
R, = T
Jrt
2Jrr 1 VIrr i 25l Ljer =
j'rtAC2
Ry = T,
Jrt
3jrr1 Ljrr% 3jtt1 tht%
' jTtAc3
R3 = T3
Jrt
4jrr1 l«jrrﬁ 4jtt1 thtﬁ
et
R, = Ty

As in MWC Kg and K are the dissociation constants for ligand unbinding from the relaxed
and tense monomers and ¢ = Kg/Ky. The flux parameters, ji, jrr, and jy, set the rates of
tense-tense, relaxed-relaxed, and tense-relaxed transitions respectively. MWC did not
discuss dynamics but only equilibrium and so had need for equilibrium constants but not for
flux parameters, or equivalently, reaction rates. MWC did not specify whether there are
transitions between R; and T; present for states i > 0. We assume there are such links. For
simplicity, we use a single flux parameter j,; for all R; to T; transitions. Relaxing the
previous assumption has little effect. Similarly we use the same flux parameters j, and jy; for
each R; to Rj;+1 and each T; to Tj41 transition in the spirit of the original MWC model in
which the monomers are unaffected by ligand binding. The Hill limit corresponds to A —
o0, ¢ — 0, and Ac* — 0. The exact expected fraction of sites with ligand bound (MWC’s

Ye), Y is given by:

?ex_Aca:(l—i—cx)S—i—x(l—a:)g

P A (ten) (1)t P

Which reduces to ¥, in the Hill limit (large A and small )2 i.e.

7 & z(14z) x?

P A+(142)* S At ©9

4

Flim__

F 7A+.’)34

(35)

where x = L/Kg is MWC'’s “a”. Thus a Hill equation with coefficient greater than one can
be physically meaningful. But we can also make use of these equations without taking the
Hill limit. We consider parameter values that are in a physically plausible range: A = 104

—lim

and ¢ = 1078 with Kg = 1nM and K = 1mM. In Figure 4 we plot Y and Y. The

4\
w, = . x
(unnormalized) occupancies of the relaxed and tense states, are given by ™ < ¢ ) and
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wy, =A ( . ) (cz)’ . . . .

: ¢ respectively (see Appendix C). For small x, Ty is the only state with
significant occupancy and for large enough x R4 is the only significantly occupied state. Ty
and R4 have equal occupancy at x = A4 = 10. At this value of x, the (unnormalized)
occupancy of Rz is 4, 000 while that of R4 and Tg are each 10, 000 which gives a normalized
probability for Rz (at x ~ 13) of about .18 so if one were able to glean this from observation
one could keep the state Rz and reduce the system to a “A” loop involving Ty, R3, and Ry
using the “Y — A” transformation. We show this towards the end of Appendix C. But first we
reduce the full MWC model to a two-state model involving Tg and R4 states.

To find the effective rates between Ty and Ry in the reduced two-states MWC model, one
can perform the matrix algebra (as done in Appendix C). Here we point out that for large A
and sufficiently small ¢ using the analogy with RC circuits and the definition of flux
(occupancy x rate) gives the effective flux from Tg to R4 by inspection. Since the tense states
Ty, Ty, T3, T4 have negligible occupancy for small enough ¢ we simply have a chain from T
= Ry = R1 = Ry = Ry = R4 with (unnormalized) occupancies of A, 1, 4x, 6x2, 4x3, x*
respectively. Unnormalized means we drop the normalization factor Z. The normalized
fluxes are the unnormalized fluxes divided by Z, and the rates work out the same as long as
the fluxes and the occupancies are both unnormalized or both normalized. By inspection we
find (in the small ¢ limit):

1 1 1 1 1+1

J

J. RoR3 JR:; Ry

- J J J
ToRy 1 ToRg RoRy RiRg

=%t dz T om0 T60%,2 T 5w (36)

_1 1 1,01 1
=Riri T Gedz (H Tt

The mean transition time from Tq to Ry is the occupancy of Tq (A) times 1/J7qr, and the
transition time from Ry to T is the occupancy of R4 (x*) times 1/31gRy- That is for small ¢

Trory —

1 1
-— +—4—+—=).
jrt+jrr41' < +3I+3I2+I3) @7

—lim

X-€T €T
2Here we show that the Hill limit corresponds to ¢ — 0, A — oo, and Ac* — 050 that|YF —YF | — 0. For finite x both YP

—lim
and YF goto zeroas ¢ — 0, A — oo. If x diverges in the Hill limit it either diverges slower, the same as, or faster than AL4 we
treat these cases one by one.

—lim —a . —lim
I x diverges slower than A1/4 we write x:kl/zlAl*T“ where0<a<1.ThenY , =40 and hmAHooYF =0, If cx

T i4kA—
—lim

J— X -ET
remains finite as A — oo then Y — <z_sothat Y . does not convergeto ¥ . thus we must have cx — 0. If cx — O then

—lim

1+

YY" —o

caz(1+cz)3+k

—z X-ET
I x diverges as AL/4 we write 'm:k’l/‘lA}Z' Then Y;m: =5 If cx remains finite as A — oo then Y, — “Otea)Ptr SO that

—er lim
YF does not converge to YF unless cx — 0. If cx — 0 then cAY4 — 0 = Ac% — 0.

If x diverges faster than AV4 we write x:klMAlt_u where 0< a. Then Y’

—lim a : lim
— _kA = i
» = Tiaae and llmAHOOYF 1. 1f ex diverges as

A(cz)4+z4 _ (1+Ac4)

X-€T
A — oo then YF 7 AenP4ad A3 or1- Note that ¢ goes to zero faster than A"V4 50 that if Ac3 diverges it must diverge slower

X-€T
than A4, since x is diverging faster than A4 it follows that Ac3/x — 0. Thus we have that YF — 1

—lim

X-€T
Thus|Y . =Y .| — Oforall xif and only if Ac* — 0.
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In Figure 5 we plot the exact and effective (approximate) transition rate from Ty to Ry, (the
inverse of zryr, given by equation 37), as a function of x, for jyr = ji = jit = 10 (in arbitrary
time units). The exact rate is given by the inverse of equation C.12. There are 3 distinct
regimes: small x in which the rate goes as x#, intermediate x in which the rate goes as x, and
large x in which the rate becomes constant and equal to .. As clear from Figure 5, the exact
transition rate converges to the approximate rate as we decrease the value of c. In Figure 6,
we compare the exact and approximate cumulative probabilities that the MWC model has
reached the state R4 given that it was in state T at time 0 for three different values of x. The
exact and approximate cumulative probabilities are given by equations C.16 and C.17
respectively. The dotted curves show the approximate solution and the solid curves show the
exact solution. We notice that for short times there can be significant deviation between the
two, but that the probabilities begin to converge in all three cases by the time that the
probability exceeds roughly 0.001.

4. Conclusions

In this paper we developed a rigorous technique for simplifying reversible Markov chains in
the case that some of the states have very low occupancy relative to the other states. Using
the analogy between reversible Markov chains and RC-networks we showed that analytic
formulae for the reduced models can be obtained by inspection in many cases including
linear chains, the Hill equation limit of the tetrameric MWC model, and the 4 state acyclic
model which reduces to 3 states connected in a loop.

The motivation behind our study was to develop a simple and transparent procedure for
reducing Markov chains with low occupancy states in order to (1) avoid over-
parameterization when fitting a model to a given data set and (2) acquire a better
understanding of the underlying dynamics of the system from which the data is collected.
Nevertheless, our simplification procedure would also enhance the computational efficiency
when simulating such systems. The reduction in computational time would depend on the
number of low occupancy states eliminated and the probability flux between low and high
occupancy states. We illustrate the improvement in computational time by considering the
following example.

il dgLP/eL
=t = B (39
Ja,L/eL jg, L?/KL?

where A and B are the high occupancy states with occupancy 1 and KL2 respectively, and t is
the low occupancy state having occupancy &l. jat and jg; are the flux parameters for A <t
and t < B transitions respectively. After eliminating the low occupancy state t, the chain in
equation 38 reduces to

kAB
Ak;‘ B (39)

BA

kag and kag are the effective transition rates from A to B and vice versa. In Appendix D, we
calculate the expected number of random numbers, Nyang, Needed to perform a Gillespie
simulation (Gillespie, 1976) of the full model for one transition from A to B and back to A.
We find Nyang = 3(pa/Pe + Pa/Pa + 2), where pp and pg are the probabilities of transition
from t to A and t to B respectively. The minimum value of Ny4,q = 12. As the ligand
concentration, L, varies, pa/pg or pg/pa Will become large so Nrang Can increase arbitrarily.
For the reduced model, only two random numbers are ever required to simulate a transition
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from A to B and back to A. Thus for this simple example the amount of computational work
required to simulate the full model is at least 6 times (and potentially much more than) that
needed for the reduced model.

Any Markov chain can be reduced by applying the “Y — A” transformation (equation 23) and
other simplification methods from circuit theory. There is a large body of work, both
ongoing and older, for performing these transformations efficiently on large circuits (see for
example (Akers Jr, 1960; Knudsen and Fazekas, 2006; Van Lier and Otten, 1973)). These
techniques carry over directly to the important case of reversible Markov chains.

Nodes with very small occupancy compared to all of the remaining nodes can certainly be
removed for the purposes of longer time dynamics. It can be desirable to keep some small
occupancy nodes, if they correspond to initial states or only have small occupancy for a
certain range of ligand concentration or other parameter. In this case it can happen that other
nodes can be removed that don’t have small occupancy compared to these nodes. This will
still be a good approximation if the equilibration time for the latter nodes is short compared
to the time-scales of interest (typically, the equilibration times of the high occupancy nodes).
More generally the early time dynamics could be treated via matched asymptotics but this
would require additional parameters while our primary goal in this paper is the elimination
of parameters that are difficult to estimate from data.

We have attempted to use the ideas sketched here to help with the development of a data-
driven model of the IP5 receptor/Ca?*-channel(Ullah et al.). The standard approach to fitting
single molecule data with Markov chains involves first selecting a chain and then
maximizing the likelihood of a data set by varying the parameters in the selected chain.
However, there are an enormous number of possible chains and one is unlikely to guess the
correct chain. Our approach allows one to construct models that have as many decay
constants as can be distinguished by experiments, yet can also give correct dependence on
ligand concentration. Ideally the data-driven construction of reaction networks would
proceed iteratively from data collection to model construction, analysis, and refinement and
ultimately additional data collection. During the course of the modeling process the modeler
could gain the ability to provide estimates of some of the missing parameters. Even so the
approximations discussed here provide a useful arrow for the modeler’s quiver.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A

In this Appendix we use generator matrix theory to reduce the 5-state chain to 2-state chain
discussed in section “A linear chain”. The 5-state chain has 2 high occupancy states, So and
E4 and 3 low occupancy states, ty, tp, and t3. The goal is to aggregate this 5 state model into
a 2 state model by eliminating the 3 low occupancy states. We will derive the mean time to
go from one state to another. The effective transition rates between the high occupancy
states are simply the inverse of mean times to transition between those states. To simplify
this chain we first write it in terms of probability fluxes

jo1L j12L2 jo3 L3 jaq L%
So&tlétg%fg%l@l (A1)

W in the generator matrix Q (equation 6) is the diagonal matrix whose entries are the
unnormalized equilibrium occupancies of the five states, Sy, t, to, t3, and Eg.

1 0 0 0 0
0 K4 0 0 0

W=|[0 0 K> 0 0 (A2)
0 0 0 KsL?* 0
0 0 0 0 K,I*
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where KL, KoL2, K3L3, and K4L# are the occupancies of states ty, to, t3, and E4 respectively
relative to state Sy having an occupancy of 1. J in equation 6 is the symmetric generator
matrix with element Jy corresponding to the equilibrium probability flux from state x to y.
The diagonal entries of J are given by Jyx = =Xy Jxy Which is an expression of conservation
of probability (Bruno et al., 2005).

—Jo1L Jo1L 0 0 0
JonL  —joiL—ji12L? J12L? 0 0
J= 0 j12L? —j12L?—jos L? JasL? 0 (A3)
0 0 JosL? —josL3—jas Lt jauL*
0 0 0 JaaL* —jaaL*

Putting equations A.2 and A.3 in equation 6 gives

—jo1 L JoiL 0 0 0
Boo-mpat g 00
0 0 ;?_g _J23?;J334L %
0 0 0 % —J}?—Z

We first aggregate Sy, ty, tp, and tg states and represent the aggregated state by S. The exact
distribution of first passage time to go from S to E4 is given by

exact ot
ny4 :HyeQ/y QYE4UE4 (A5)

where 11s = (1, 0, 0, 0) is the row matrix whose elements are initial probabilities of states S,
t1, tp, and t3 and Ug, is a unit column matrix with dimension equal to the number of final
states to which the system is about to transition, in this case one state (E4). @ss, and @s= are
the sub-matrices of Q

—joul  jJoiL 0 0
oy ]}‘% _J’01-}*—{J'12L J}?L 0
— 1 1 1
Q - 0 J12 __Ji2+j23l 723l (A.6)
K3 K3 K2
p __Jos+i
0 0 ;?_3 23K334
0
SE 0
Q7 ™= 0 (A7)
izq L
K3

exact

We can calculate the exact mean time to go from aggregated state S to E4, 7s,, , by
integrating equation A.5 and is given by

exact __

TsoE, =I1,(Q. . )72Q9”E4uE4 (A.8)
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exact _ 1 1—’_-Z{II’ 1""-[{1-[/4‘-[(2-[/2_‘_1"’-[{1-L‘f'I{ZLZ"‘I{g_Lg
SoPa jor L jioL? JozL? JsaL?t

(A.9)

1 i 1 . 1 4 1
Ty o == — .
S0Fa Gy LA jos L3 ji1oL?  jn L

(A.10)

The last expression is the approximate mean transition time to go from S to E4 and is
reached by assuming that the occupancies of the states ty, tp, and t3 are negligible as
compared to states Sg and E4. If the low occupancy states have small but finite occupancy
then the mean transition time to go from aggregated state S to E,4 is given by equation A.9.

Similarly, the exact distribution of first passage time to go to Sp from €, which represents
the aggregate of ty, ty, t3, and E4 states is given by

exact __ Q. ot
fgso _ng £¢& QSSOUS‘O’ (A.ll)

where 11 = (0, 0, 0, 1) is the row matrix having the initial probabilities of states ty, to, t3, and
E4 respectively, usy is a 1 x 1 identity matrix, ©, and ¢ are the sub-matrices of Q

__Joi1+i12L J12L
+ 12 0 0
12 __J12+723L 723l 0
fo_ Ko Ky Ko
B 0 23 __Jo3tisql gzl (A12)
K3 K3 Ks
734 — 734
0 0 Ky Ky
J01
K
&S0 _ 0
Q7= 0 (A.13)
0

Integrating equation A.11 gives us the exact mean time to go from state £ to Sy as

exact__ 1718 EEN—2 ~ES,
TE450 =I°(Q%") Q% uy  (A14)

Q+K3+K4L+K2+L (K3+K4L)+K1+L (Ka+L (K3+K4L))

J34 J23 Ji2 Jo1

exact __
E4Sp

(A.15)

1 1 1 1
T =KL4<. - ) A.16
Easo— JaaL* " ja3L3  j1oL?  joi L (A.16)

where the last expression follows from the assumption that states ty, t,, and t3 have
negligible occupancies.
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Appendix B

In numerous cases we deal with the Markov chains where the state of the system depends on
multiple ligands. In this Appendix we simplify a chain that involves the binding of multiple
ligands. The simplification process for such chains is similar to what we have presented for
the single ligand case in section “A linear chain”. In Figure Bla we show a chain having
total number of 5 states. We wish to simplify this scheme to the one shown in Figure B1b so
that the low occupancy states are aggregated into the two high occupancy states. In the first
step, the system makes transition from state Agg to tyg by binding two molecules of ligand
L;. In the second step, the system makes transition from state toq to By, by binding two
molecules of ligand L,. We will use the electrical circuit analogy to simplify the 5 states
chain into 2 states chain (see equation 19).

The effective probability flux from state Agg to B2, JaggByy: i

L B SRS S
ThLi joL? 5L, L3y B

J
ApoBa22

Note that the exponents of ligands L; and L, in the individual probability fluxes in equation
B.1 are equal to the maximum of the number of corresponding ligand molecules bound to
the two states involved in the transition.

The probability flux from one state to another is simply the ratio of the occupancy of the
initial state and the mean transition time from initial to final state, i.e.

_ Occupancy of Agg

ApoBa2 T, 2)
B

The occupancy of Agg = 1, giving the approximate mean transition time from Agg to By is

11 1 !
TA00B22 il +ng? +j3L%L2 +j4L%L§

(B.3)

Similarly, the approximate mean transition time from state Byo to Agg is

K L12L22( L + ! + ! + ! >
= . . s . . B.4
B2z sil1 joL?  §3L3Ly  juL3L3 ®4

r
ApoB22

Where K, | L3L3 s the occupancy of By, state. Equations (B.1 — B.4) can be easily
generalized for an arbitrary number of states in the chain.

Appendix C

In this Appendix, we simplify the tetrameric MWC model so that the final model is only
composed of Tg and R4 states. Towards the end of this Appendix, we will discuss the case of
x = AY4 = 10 where state R3 is not a low-occupancy state. Before writing the matrices W and
J used in generator matrix Q (equation 6), we first calculate the unnormalized occupancies
of all states in MWC model. Consider the following reaction
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(4—i)ky
X+L = Xi+1>i:0717273 (C1)
(i+1)k,

Where X can be either R or T and equilibrium constant K=’,§—;. The forward rate of the

reaction is Uikl At equilibrium the occupancy of Xj+1 state is

4 i
Xi+1:( i ) (L/K)*' X (o)

Thus the occupancies of R;j and T; are given as

4 .
Ri:( ; ) ' (C3)

4 .
E=< ; ) (zc)'A (ca)

Where the occupancies of Rg and T are 1 and A respectively, r:ﬁ, cr:ﬁ, c:ﬁ}'—g. In
MWTC language A = L and ar:a:%.

Thus the diagonal matrix W in equation 6 whose entries are the unnormalized equilibrium
occupancies of the all 10 states becomes

W=diag(w), (C.5)

where w = (wg, wt). Vectors wg and wy contain the occupancies of all R and T states
respectively.

To write J, we calculate the probability fluxes between various states. Since
Probability flux=0Occupancy x Rate (c.6)

Thus

. 4 L\! )
Probability flux between R; andRiH—( ; ) <K_R) X (4—z)klf;L

- ( 4 ) (4—i)z kT <
R

i
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Probability flux between T; and T} 1 = ( j ) (KLTYA X (4—i)l<:£L

i

- ( 4 ) (4—i) (cx) T AR

If the time for T; to make the transition to R; is 7; then

Probability flux between R; and T;= ( ZZL )

iyl

Ac'z

(C9)
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(C8)

Using the notation j.=k.,, ju=k_, and jrt:% for flux parameters, the effective flux

matrix, J, in equation 6 becomes

[ F11  4j,,x 0 0 0 Jrth 0
4jppx F22  12j,,a2 0 0 0 dcjxA

0 12,22 F33 12j,,2° 0 0 0

0 0 12j,,23 F44 4jppat 0 0

0 0 0 e F55 0 0
Jrt 0 0 0 0 F66  4cjux

0  4cj.zA 0 0 0 dejyr FTT
0 0 62 a2\ 0 0 0 12¢%jya?

0 0 0 4¢3 a3\ 0 0 0

L 0 0 0 0 Ajazth 0 0

Where

F11 = —4jyx — jreA

F22 = ~4jprx = 12j,px2 = 4CjxA

F33 = ~12jrx? = 123 — 6C2jrx®A
Fa4 = =12jx3 = 4jrx® = 4c3,px3A
F55 = —4jrx4 = cHj A

F66 = —4CjuX — jrtA

F77 = —4cjyx — 12¢2jyx? — 4cjxA

F88 = —120%jx? — 1263063 — 66%j,x2A
F99 = -12¢%jp3 - 4ctjxd - 4c3j,pGA
F1010 = ~4c4jux® - cHjrx?A.

Using equations 6, C.5, and C.10 we can write
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Q11 4j.,.xz 0 0 0 juA O 0 0 0
Jer Q22 3j,x 0 0 0 c¢jA O 0 0
0 2§ Q33 2,z 0 0 0 &jwA 0 0
0 0 3jrr Q44 Gxr 0O 0 0 cjuA 0
B 0 0 0 4. Q55 0 0 0 0 i .
Q= Jrt 0 0 0 0 Q66 2duc 0 0 0 11)
0 Jr 0 0 0 & QU7 dur 0 0
0 0 Jrt 0 0 0 2w Q88  2dur 0
0 0 0 Jrt 0 0 0 Mg Q99 s
0 0 0 0  Je O 0 0 Lu Q1010
Where

Q11 = —4j,X — jA

Q22 = —jpr = 3jrrX — CjrtA
Q33 = —2j(1 +X) = A
Q44 = —=j (3 + x) = c3j A
Q55 = —4j,, — YA

Q66:_j7't _ 4chLLa:

— __Jttt3ciprtirtA
QTT= s tir

— _ 2jue+2cipeztir A
Q88= JESEE

— _ 3jutcipprtinh
Q99= ot

Q1010=—j,;— 51
In analogy with equation (A.8), we can write the exact mean transition time from Ty to R4 as

it A A\"2 AR
ret T Q) Q7 i,

(C.12)

4

Where A represents the aggregate of all states in the MWC model other than R4 .« is a row
matrix of initial probabilities of all states in A (all states in 4 except Tg have 0 initial
probability, Ty has initial probability of 1), @* is the sub-matrix of Q with entry ij equal to
the transition rate between i and j states in A, column matrix ¢** is the sub-matrix of Q with
entry i equal to the transition rate from i state in 4, and ug, is a unit matrix.

Q11 4j,z 0 0 jsA O 0 0 0
Je Q22 3jz O 0 ¢ A0 0 0
0  2j Q33 2,z O 0 ZjigA 0 0
0 0 3, Q44 0 0 0 SFjuA 0
Q7= ju 0 0 0 Q66 dumz 0 0 C
0 ju 0O 0 i Q7 uz 0 13)
0 0 Jrt 0 0 Q83 Zdur 0
0 0 0 4w O 0  Eu Q99 s
0 0 0 0O 0 0 0 e Q1010
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Q7Fi=1 o (C.14)

In the limit (A — oo, ¢ — 0, Ac — 0), the mean time to transition from Ty to R4, given by
equation (C.12) simplifies to

1 N A <1+ 1 n 1 N 1 )
T, —_— o
Tofa gy el 3z 372 ' 13 (C.15)

For the full MWC model, the exact latency (first passage time) distribution for transition
from state Ty to R4 given by

FErect =T, eap Qe VQ p uy

(C.16)

4

For the simplified two state MWC model, the latency distribution becomes

t
fTOR4 = exp(QTOR4 )QTOR4 up, (C17)
Where the initial probability of the system being in Ty state, ITty= 1, and Qryr, = KroRs-

k,r, == is the transition rate from T to Ry in the simplified 2 state MWC model.

"ToRy4
Mean transition time and latency distribution from R4 to T can be calculated in the same
manner.

Next we discuss the case where one could keep state Rz and reduce the MWC model to a
“A” loop involving Ty, R3, and R4 states. We first rewrite the MWC model in terms of
probability fluxes (Figure Cla) where the double arrows represent the fluxes between states.
The probability fluxes between various states are given by equations C.7 — C.9 and are
excluded from Figure C1 for clarity. We use the “Y — A” transformation to perform the
simplification in the following steps. Step 1: eliminate states Ry and T4 from the two linear
branches To < R < Ry and T3 < T4 < Ry respectively (Figure C1b). The inverse of
effective probability flux between T and Ry is given by the sum of the inverses of fluxes in
To < Rg and Ry <= Ry transitions (see equation 19). Similarly, the effective probability flux
between T3 and Ry is given by the fluxes involved in T3 < T4 and T4 <= R4 transitions.
Step 2: eliminate state T4 using the “Y — A” transformation so that states Tg, Ry, and T, form
a “A” loop (Figure C1c). In this and the following steps, the effective probability fluxes
between various states in the loop can be calculated by using equation 23. Step 3: follow
step 2 to eliminate state Ry so that Ry, Rz, and T» states form a “A” loop (Figure C1d). Step
4: convert the “Y”” branch composed of states Tg, R, Rz, and T, to a “A” loop involving Ty,
R3, and T, to eliminate Ry (Figure Cle). Step 5: eliminate T, from the “Y”” chain composed
of Tg, Ty, T3, and Rz (Figure C1f). Step 6: eliminate T3 by converting the “Y” branch
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involving states Tp, R3, R4, and T3 to reach the final “A” loop having Ty, R3, and Ry states
(Figure C1g). One can use this procedure for other complex networks.

Appendix D

In this Appendix, we calculate the expected number of random numbers required to simulate
one transition of the system from state A to B and back to A in the full and reduced models
using Gillespie’s Algorithm (Gillespie, 1976). If the system is in state t in the full model,
then the probability of transition from t to A, pp, and t to B, pg, are given by

— jAz/E — jAt
jAt/8+jBtL/€ jAt+jBtL

Py (D.1)

and pg =1 - pa. Transition from t to either A or B is a Bernoulli process. The probability of

making n transitions to A followed by one transition to B is p’; p,,. The expected number of
transitions from t to A before reaching B is

(o)
P,Pp Py
<N, >=Y nprp,=tale_Pa o,
tA — ALB (1_pA)2 pB ( )

The number of transitions from A to t are Nat = Nia + 1. S0 <Np>=<Np> +1 = pa/pg + 1.
The total number of transitions out of t, Ny, is Ny = N¢a + 1 (the final transition is to B). The
number of random numbers required to simulate the transition of the system from state A to
B through tis

AB _
Nrafd_ZNt—'_NAL

=3(N,4+1) (D.3)
:3(pA/pB+]')

Similarly the number of random numbers needed to simulate the transition of the system
from state B to A through t is N24,=3(p,, /p,+1). Thus the expected number of random

numbers, Nyang, Needed to simulate one transition from state A to t to B and state B to t to A
in the full model is Nyang = 3(pa/Pe + Pe/PaA *+ 2). The number of random numbers needed to
simulate one transition from state A to B and B to A in the reduced model is 2. The ratio of
the expected number of random numbers needed to simulate one transition of the system
from state A to B and back to A using the full and reduced models is 3(pa/pg + pe/pa + 2)/2,

which has a minimum of 6 and an infinite maximum.
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Figure 1.

Removal of a low-occupancy, high-energy intermediate state. The middle state has high
energy and therefore low equilibrium occupancy. The double barrier is replaced by a single,
slightly taller barrier (taller by an energy ranging from nearly zero to In(2) * kgT). This
results in a very good approximation to the dynamics, if the intermediate state occupancy is
low and its relaxation dynamics are fast (barriers not too high) compared to the timescales of
interest.
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Figure2.

RC circuit analogy of a 3-state Markov chain. The states and probability fluxes are
represented by nodes and resistors respectively. The simplification of 3-state model to a 2-
state model is equivalent to replacing the two resistors by a single resistor which has an
effective conductance of both resistors.
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Figure 3.

Simplification of acyclic to cyclic chain. (a) Full scheme with three high occupancy states,
A, B, and C and one low occupancy state, t. (b) Simplified three state scheme after
aggregation. (c) An example of modified “Y” chain where there are direct links between
high occupancy states in addition to the links through low occupancy state. jyn and Ky
stand for the flux parameter and transition rate between states M and N respectively. Jyn(dir)
in panel (c) represents the direct flux between high occupancy states M and N.

J Theor Biol. Author manuscript; available in PMC 2014 February 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ullah et al.

Page 29

0.8
061
0.4

Q2j

1 10 100

Figure4.
Comparison between the exact (solid curve) and approximate (dotted curve) ¥ given by
equations 33 and 35 respectively.
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Figureb.

The approximate (thick gray line) and exact transition rate from state Ty to state R4 in MWC
model for ¢ = 1076 (black solid line), ¢ = 1074 (red dotted line), ¢ = 1073 (green dashed line),
and ¢ = 1072 (blue dotted-dashed line). The gray dotted-dotted-dashed and dotted-dotted-
dashed-dashed lines are plotted to represent x and x* behaviors of the transition rate
respectively. In the inset, we show the occupancies of all ten states in the MWC model and
are given by equation C.4 at ¢ = 1078, The occupancies of relaxed (tensed) states are shown
in black (blue). The thick (thin) lines represent the high (low) occupancy states.
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Figure6.

Comparison between the exact (solid curves) and approximate (dotted curves) cumulative
probabilities that the MWC model has reached the state R4 given that it was in state Ty at

time 0. (a) x = 1, (b) x=100, (c) x=10,000. A = 104, ¢ =105, and j,; = jyt = ji; = 10 for all

panels.

J Theor Biol. Author manuscript; available in PMC 2014 February 20.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Ullah et al.

Page 32

(a) B 29

Figure B1.

Multiple ligand dependent chain. (a) Full scheme with low occupancy states (t19, tpg, and
ty1) included. (a) Simplified scheme after aggregation having only two high occupancy
states (Agp and By»,). L1 and L, stand for the ligands, and the subscript Im attached to various
states represent the | number of ligand L, and m number of ligand L, bound to the system in
the given state.
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Using Y — A transformation to reduce the MWC model to 3 state model in case of x = AY4 =
10. The reduced model consists of states Tg, Rs, and Ry.
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