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This important manuscript presents a way to understand allostery and allostery-inspired
mechanical systems. It presents a mechanochemical model of an ATPase-like molecular
machine in which geometric constraints and mechanically coupled linkages generate
negative allostery, yielding a large stochastic reaction network that captures productive
and futile cycling behavior. The work presents an interesting framework for bridging
concepts from molecular motors and allostery. It provides a compelling, intuitive physical
mechanism for mechanochemical transduction and reveals nontrivial tradeoffs that
emerge from geometry-induced constraints.
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Abstract

ATPases cyclically convert chemical energy in the form of ATP gradients into directed motion
inside cells. To function, ATPases rely on allosteric communication between at least two binding
sites—an internal signaling mechanism that is not well understood. Here, we model an ATPase-like
machine by using a system of mechanical linkages to recreate negative allosteric coupling
between two binding sites and generate cycles in which the sites alternate occupancy. The ATPase
analog has two mechanical degrees of freedom and two discretized binding sites: one for the ATP,
Pi and ADP analogs, and one for an allosteric effector analog. The geometry of the ATPase analog
allows stepwise binding reactions at each site to capture the two degrees of freedom in a mutually
exclusive way. Consequently, the enzyme interconverts between multiple rigid and partially rigid
forms, such that neither site can be fully bound when both sites are occupied. Two mechanisms
work together to generate an enzymatic cycle: one, in which the tighter-binding ATP analog can
bind and displace the effector from the enzyme; and a second, in which flexibility introduced by
splitting the ATP analog into two pieces (catalysis) allows the effector to rebind and displace the
products (ADP analog). We show that cleavage (forward catalysis) and ligation (reverse catalysis)
alter the rigidity of the enzyme complex equivalently to binding and dissociation, respectively, but
must do so more slowly for effective cycling to take place. Simple designs for synthetic systems
that mimic ATPase monomers can be derived from this work.

Introduction

ATPases are enzymes that split ATP into Pi and ADP in order to carry out various transport
functions. ATPases include cytoskeletal motors [1], most membrane pumps [2], translocases and
packaging motors [3] and other families of motors. A long-term goal is to create synthetic
molecular machines that mimic the abilities of ATPases. However, ATPases, like many other
proteins, rely on allosteric communication to operate [4, 5], and developing mechanisms and
concepts to mimic allostery is a difficult problem [6].
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Allostery is intramolecular communication between at least two non-overlapping reactive sites
such that binding or catalysis of a ligand at one site affects ligand affinity at the other site [7, 8].
The sites and the ligands that bind to these sites are said to be allosterically “coupled”. ATPases
mediate coupling between ATP (and ADP and Pi) and a chemically different ligand, or allosteric
effector [4, 5], which is not consumed in the enzymatic process, as is ATP. For example, for myosin,
the nonconsumed, coupled ligand is actin; for kinesin and dynein, it is microtubule; and for
helicases, it is DNA. The variety of ATP and ligand pairings that exist for ATPases and the variety of
structures that have evolved to mediate allostery between them suggest a common language of
allosteric communication is at work, a language that can possibly be mimicked if not yet fully
understood.

Recently, a number of works have used a mechanical linkage (framework) abstraction to design
synthetic allosteric structures [9-19]. In the framework abstraction, molecules are viewed as
networks of rigid bars or modules connected by flexible hinges, which change shape in response
to a signal [20, 21]. These works combine the abstraction with different materials, making use of

experimental works demonstrate allosteric structures that can convert a binding reaction at one
site into a chemical signal at a non-overlapping site. For example, in several works they
demonstrate how ligand binding can trigger dissociation of an internal bond or of another ligand
increase ligand affinity in repeated subunits. By contrast, the elastic network studies focus on
computationally evolving networks to transmit conformational change between non-overlapping
sites. In place of reactions with abstracted ligands, strain is used to represent chemical reactivity.

The behavior in all these works can be characterized as switchlike, where in response to some

external stimuli, the frameworks change from one conformational state to another to reach some
new equilibrium or energy minimum. The initial concept and models of allostery were developed
linkage works explicitly or implicitly take inspiration from these early models, in particular, from
the idea that two states, at a minimum [23], can describe allosteric switching in a protein subunit.

However, to reproduce the autonomous and cyclic activity that characterizes ATPases, one-way
allosteric switching is not sufficient. To operate cyclically, at a fixed thermodynamic potential of
ATP, ATPases go through two phases of allosteric switching in which intermediate states, most
importantly the product-bound state, play a critical role. The phases result in the exchange of both
nucleotide and effector, where each binds and releases over the course of the cycle, and each acts
as an exchange factor for the other in a mutually dependent (reciprocal) manner [25-27].
Synthetic systems that emulate ATPases and their ability to autonomously cycle by switching
allosterically and reciprocally have not been described.

Here, we use linkages to model an ATPase-like machine. We explore a number of additional
concepts previously explored by others: discretized binding pockets [28-30]; enzyme flexibility in

dissociation from weak bonds [32, 36-39]; facilitated dissociation [36, 37, 39]; and floppy
mechanical modes [40, 41]. The building block of the model is an allosteric switch first described
by Koshland to model competitive inhibition [30], which we convert into a linkage (Fig. 12). The
switch has a single mechanical degree of freedom and three conformational states: two rigid states
and one flexible intermediate. Nodes on the top and bottom form two discretized binding sites.
degrees of freedom. Four additional linkage reactants, which are simple chains of bars, complete
the ATPase system. These linkages are analogs for ATP, Pi, ADP, and an allosteric effector. The
analogs for ATP, Pi, and ADP bind to one site on the ATPase analog, and the effector binds to the
other.

We make two basic assumptions that govern how the linkages interact with one another in the
model. First, we assume that the ATPase analog (enzyme) and the complexes it forms are
mechanically equilibrated and free of elastic bias. This assumption has been made in some models
of biomolecular machines [42, 43], and in the design of mechanical networks with floppy modes
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Fig. 1. Three-state switch.

A, A single unit. The single unit consists of two rigid squares connected at a flexible node (white). Three conformations are
possible: a flexible one (2), in which no additional bars are connected; a rigid one (1), in which a bar (blue) connects the two
bottom nodes to form a rigid triangle; and another rigid one (3), in which a bar (red) connects the two top nodes to form a
rigid triangle. B, A double unit. A double unit is formed by merging one square (marked with ‘x’) of two single units. The
double unit has four completely rigid conformational states, and four partially rigid conformational states, as described later
in more detail.
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more rigid state—results only from a change in the connectivity of the network, meaning the
removal or addition of bars, rather than from an application of strain. Second, we use the stepwise
addition and removal of bars [44-46], which, respectively, create rigidity and flexibility, as analogs
for thermally driven bond making and bond breaking. Motivated by an earlier version of this
paper, reference [47] used this bonding abstraction to develop a formal model of interacting

linkages. They also showed that complex behavior can be achieved in an idealized topological
model, which considers solely the graph connectivity of the linkages.

To mimic negative allosteric coupling, the four reactants are designed to have bar lengths that
prevent both sites on the enzyme from being fully bound at the same time. The arrangement
creates a dynamic situation in which the enzyme interconverts between multiple rigid and
partially rigid states when both sites are occupied. By tuning the off rates at each node, the
arrangement allows one reactant to bind and displace another from the enzyme in a stepwise and
stochastic manner. We refer to the mechanism as an al losteric displacement.

To mimic hydrolysis, the ATP analog is allowed to be cleaved in two at a non-binding moiety
(node) after it binds. The design is inspired by the use of DNA enzymes in synthetic systems [32].
Cleaving introduces flexibility and generates the Pi and ADP analogs. Importantly, cleaving does
not affect binding nodes, and thus the Pi and ADP analogs bind to the same nodes as does the ATP
analog. Using stochastic simulations, we show how the hydrolysis mimic enables continuous cycles
of allosteric displacement to take place between the system of five linkages. During each cycle, the
ATP analog displaces the effector, the ATP analog is cleaved, and the effector displaces the ADP
analog to reset the cycle. We also characterize the multiple ways in which the system can go

through futile cycles.

The main result is showing how an autonomous and allosterically operating enzymatic cycle can
be constructed with a consistent set of reaction rates for catalysis and for binding to and
dissociating from a set of weak bonds. These rates remain the same over the course of the cycle—
they are not altered depending on the stage of the cycle the enzyme is in or the identity of the
reactant active at that stage. Additionally, we give a simple interpretation for what reversible
catalysis accomplishes. Forward catalysis frees a mechanical degree of freedom but must do so
slowly enough for the bound effector to be displaced first and not compete for the degree of
freedom. Conversely, reverse catalysis traps the degree of freedom but must do so slowly enough
for a new effector to bind and capture the degree of freedom.

Results

Basic description of the system

This section describes, in the following order, the chemical cycle of the system, the linkage
reactants, the rules that govern complex formation, and the construction of the reaction network.

‘substrate’); the Pi analog (P1, for ‘product 1°); the ADP analog (P2, for ‘product 2’); and the effector
analog (L, for ligand’). With these five reactants, the cycle can be stated this way (note that
because every state is a bound state of the enzyme, the enzyme is not listed):

S displaces L L displaces P2

{L} 5 {S/L} 3 {S} =3, {P1, P2} 5 {P2} 3 {P2/L} & {L} --» (1)

There are six reactions: 1, S binds; 2, L dissociates; 3, S is cleaved; 4, P1 dissociates; 5, L binds, and
6, P2 dissociates. Each reaction connects two states, with six states in total (in curly braces). The
backslash (/) in each state separates the reactants that bind at the two binding sites ({substrate
site/ligand site}). No backslash indicates that only one site is occupied. Thus, in the first state, {L},
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the ligand site is occupied by a single molecule of ligand, denoted by L, and the substrate site is
empty. Each displacement sequence (S displaces L, and L displaces P2) includes a binding reaction,
followed by a dissociation. The reaction sequence thus says, substrate displaces ligand (1 & 2),
substrate is cleaved (3), P1 spontaneously dissociates (4), and finally ligand displaces P2 (5 & 6).

The linkage system generates the hidden microstates and reactions required to explain the
displacement reactions and explain how the displacements are linked together by catalysis (Fig.

intra molecular changes that take place when both multivalent binding sites are occupied. In the
complete cycle, {S/L} and {P2/L} are both expanded into a series of microstates. Each microstate in
each series has the same reactants but a different multivalent configuration. Microstates are
constructed from a set of basis states, where each basis state reflects a unique connection between

As described in the introduction, the enzyme consists of two connected switch units. The
arrangement creates a chain of three equivalent rigid squares of edge length £ that are flexibly
freedom. Chemical specificity is added by defining six nodes on the enzyme to be unique
monovalent binding sites for six complementary nodes on the four reactants. The three nodes on
top (a, b, and c; red) form the multivalent binding site for substrate, P1, and P2, and the three
nodes on the bottom (d, e, and f; blue) form the binding site for the ligand. Chemical specificity
means that node binding is specific. Consequently, substrate, P1, and P2 cannot bind to the ligand
site, and ligand cannot bind to the substrate site. In addition to its three binding nodes, the
substrate contains a catalytic moiety, named &, where it is split into P1 and P2 when bound to the
enzyme. The split takes place on the left side of the enzyme, between the gray-colored squares.

Any single node interaction between the enzyme and a reactant forms a flexible connection.
However, two adjacent node interactions create rigidity, as each divalent connection forms a
hinges and thus make the whole enzyme rigid. The different rigid complexes bend one or both
sides of the enzyme linkage up, down, or up and down, relative to the center square. These
opposing bends create the basis for negative allosteric coupling in the system. When the ligand is
fully bound to all three nodes and bends the enzyme down, the nodes of the substrate’s binding
site are spread out, allowing the substrate to bind only a single node at a time (Fig. 2B (%, left).

Likewise, trivalent substrate binding bends the enzyme upwards and geometrically inhibits ligand
binding (Fig. 2B @, right). The same negative relationship holds for ligand and P2 binding, but only

The geometric restrictions were used to enumerate all states in the system and connect them
together to form a reaction network. Any two states connected in the network differ only by one
node connection and thus can interconvert to one another (see SI 1.2(%). There are six possible

interconversions, or linkage reactions (named before arrow), each of which maps to a chemical
reaction (named after arrow):

L. connect linkages — intermolecular binding
II. increase the connection — intramolecular binding
III. decrease the connection - intramolecular dissociation
IV. disconnect linkages - intermolecular dissociation
V. split substrate - cleavage
VI. make substrate - ligation

We assigned reaction rates (Table 1 (%) to the six reaction types in the following way.
Intramolecular binding (II: k,,,;) was assigned to be the fastest rate by several orders of magnitude
and serves as the speed limit for all other parameters. This assignment reflects the idea that once a
reactant makes an initial connection to an enzyme, additional interactions should take place on a
relatively rapid timescale because of the small distances involved, which in turn favors

multivalent binding (ref !). Intermolecular binding (I: Kgop, K1,0n> Kp1on: Kp2on) ranges from fast to
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Fig. 2. The linkage system.

A, Five molecules of the linkage system. The enzyme consists of three rigid squares of edge length £, connected at two points
of rotation. Nodes a, b and ¢ form the binding site for the substrate, P1 and P2. Nodes d, e and f from the binding site for the
ligand. Complimentary nodes on S, P1, P2 and L, are denoted by the same letter with the superscipt “*”. S and L consist of
three nodes connected by two bars of length £, where the center nodes on each are points of flexibility. S is split into P1 and
P2 at the special node £. B, Left, L blocks S. When L is bound at all three nodes, it bends the enzyme down, placing the two
outer nodes out of reach for S. The increased distance between S's nodes is z = v/3Z. Right, symmetric blocking of L by S. C,
Left, L blocks P2. Right, symmetric blocking of L by P2. D, Target cycle and two futile pathways. The target cycle (cycle i;
outside black path going clockwise) takes place in thirteen reversible reactions. Each state name (e.g. {S/L}:{10,5}) indicates
its composition ({S/L}) and unique linkage state ({10,5})(see SI 7). Forward and reverse rates governing each reaction are
labeled on each edge (e.g. between {S/L}:{10,5} and {S/L}:{11,5
Reactions numbered 1-6 mark the same changes in composition that take place Eq. 1. Starting at {L}, the allosteric
displacement of L by S (light blue bubble) takes place in four intramolecular steps between 1 and 2, and completes with the
enzyme bound to only S ({S}). Subsequently (orange bubble), S is cleaved into P1 and P2 (3, %< ). Directly following cleavage,
or rounds of ligation (=== ) and cleavage, P1 spontaneously dissociates (4), which rectifies catalysis and leaves the
enzyme bound to only P2 ({P2}). After L binds (5), the allosteric displacement of P2 by L (green bubble) takes place in three
intramolecular steps between 5 and 6, and returns the enzyme to the start of the cycle and bound to only L {L}. The two futile
pathways are idling (blue bubble and dashed line) and steric displacement (orange bubble and dashed line). Both pathways
are abbreviated, and shown without figures. The change in the bound state along each path is stated: {P1, P2/L} in idling; and
{S, P2} in steric displacement. Combined with states along the target path, idling is cycle ii, and steric displacement is cycle iii.
E, Simplified network version of the system. Each node here represents a set of states with different intramolecular
conformations. F, Idling cycle. G, Steric displacement cycle.

e forward rate is koff o and the reverse rate is k).

Physics of Living Systems
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slow, depending on the “concentration” of the reactant binding (denoted by the subscript), where
Intramolecular dissociation (III) and intermolecular dissociation (IV) are both defined as “off”
rates for the nodes (Ky¢r.q, Koft.p Koff-cr Koff-d» Koffer Koff-f)- These rates represent intramolecular
dissociation if the reactant is bound by more than one node and represent intermolecular
dissociation if it is bound by a single node. The off rates were assigned to be much slower than
kuni, and all except koff-b are faster than cleavage and ligation. Finally, cleavage (V: k) and
ligation (VI: khg) were assigned to be slow, which helps the system oscillate between substrate and
ligand binding and is discussed in detail later.

Table 1.Rates used for the simulations.

rate value (sY reaction type
Kreactant-on various 1

Kofra 250 111, or IV
Kott.p 3 111, or IV
Kofec 680 111, or IV
Koftd 680 0L, or IV
Kofte 200 111, or IV
Kofr £ 680 111, or IV
Kuni 1x 108 I

Koy 10 v

kyjg 10 VI

To control which molecule wins in each displacement competition, the off rates were assigned to
establish a hierarchy in which substrate binds the tightest, followed by ligand, P2, and finally P1.
Because the log of each off rate corresponds to a binding energy, ¢, for each node, where £,,40 ~

binding site or portion of the site, such that they obey the following inequality:

£s €l €p2 i}l 9
Eateytec<eqgtecter<eytec<e ¢

where the energies are negative. This hierarchy applies to situations in which two molecules are
pitted against each other and compete for binding. The two competing molecules can be substrate
and ligand, substrate and P2, or ligand and P2. The hierarchy means that substrate will win both
competitions, and ligand will win against P2. When substrate displaces P2, we call this a steric
displacement. Its regulation is discussed in more detail below, in the context of the cycle and Fig.

Operation of the machine

Fig. 2D shows the stepwise operation of the machine along the target cycle (cycle i, outside) and

thirteen states. Each microstate has a macrostate designation (e.g. {S/L}), which is the set of bound
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reactants, and a microstate designation (e.g. {5, 10}), which is the set of basis states from which it is
composed. The rate for each forward (clockwise) and reverse (counterclockwise) reaction is given
along each edge that connects the states together.

Displacement sequences can be viewed as a competition for the two hinges or the available

and clockwise direction), substrate captures the two hinges from ligand. Conversely, in the reverse
direction (counterclockwise), ligand captures them from substrate. In both directions of the
sequence, the enzyme starts and ends in a completely rigid state. The forward direction is biased
by the rate assignments, which allow substrate to hang on to each of its nodes longer than ligand
and maintain possession of the hinges. Or, equivalently said, ligand releases its nodes sooner than
substrate, freeing up the hinges for capture by substrate. The same competitive process allows
ligand to displace P2 (green bubble), but in this case, ligand immediately takes control of the hinge
on the left, which is unoccupied when ligand binds (reaction 4). Graphically, it is important to
understand that along the target cycle in Fig. 22 (cycle i), the ligand that displaces P2 is a

different ligand than the ligand displaced by substrate.

The cleavage reaction (Fig. 2D 3, orange bubble; reaction 3, #<) lies between the two displacement
reactions and connects them together. Like intramolecular dissociation from a node, cleaving also
releases a hinge and creates flexibility. The flexibility it introduces allows ligand to displace P2,
recapture the enzyme’s degrees of freedom, and reset the cycle. After cleavage takes place,
forward progress is biased by assigning that ligation take place more slowly than P1 dissociation
(kg < Kofr.5).- Whereas ligation reintroduces rigidity in the reverse direction, P1 dissociation

rectifies the flexibility created by cleavage in the forward direction (reaction 5,

u ). With flexibility rectified on the left side of the enzyme, ligand can

easily bind and displace P2, resetting the cycle.

The two futile pathways depicted—idling and steric displacement —diverge from the target path
just before catalysis begins and right after catalysis ends, respectively. Idling (Fig
bubble) occurs when ligand stays bound through catalysis, instead of dissociating, and is a natural
consequence of the design. Idling forms a cycle (cycle ii) that bridges the very end of the ligand
displacement sequence ({S/L}:{0,15}) to the middle of the P2 displacement sequence ({P2/L}:{6,12}).
Graphically, it is important to understand that the same ligand remains bound along the idling
cycle. It does not change as it does along the target cycle. Idling is defined as futile because no
exchange of ligand takes place, even though one substrate is consumed in the cycle. Evidence
suggests idling takes place in myosin [48, 49]. To inhibit idling, the cleavage rate was assigned to be
slower than the slowest rate at which ligand dissociates from its nodes (K < Kgf.¢). Ligand is
depicted dissociating from node e in Fig. 2D (7, but any of the three is possible. While the ligand

meant to be displaced by substrate cannot idle, the second ligand that binds, which displaces P2,
can idle if it binds before cleavage. If this second ligand idles, we define this as a special case of a

futile behavior in which turnover occurs without any involvement of ligand. Steric displacement
occurs if, after P1 dissociates, substrate binds and displaces P2 before ligand displaces P2. Steric
displacement forms a futile cycle (cycle iii) with catalysis and rectification. Steric displacement is
definition as futile follows from how ATPases operate. In many ATPases, ATP turnover (ATP
binding and Pi and ADP exhaust) drives another binding process by also depending upon that
process, often to perform nucleotide exchange (product exhaust) [25-27, 52, 53]. Along the steric
displacement cycle, substrate rather than ligand accomplishes product exhaust, so substrate
turnover no longer depends on ligand binding.

To inhibit steric displacement, we assigned node b—the central node at the substrate binding site
and one of the two nodes to which P2 binds—to have the slowest off rate (Ky¢},). This assignment
allows P2 to inhibit invading substrate from binding two adjacent nodes on the enzyme. After P1
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dissociates, substrate can begin a steric displacement of P2 by binding at node a. To make a second
node connection, substrate must wait for P2 to dissociate from b. However, because substrate’s
association with node a is weaker than P2’s with b, it is more probable for any single substrate that
binds to a to spontaneously dissociate before P2 dissociates from node b. This arrangement favors
the allosteric displacement of P2 by ligand over steric displacement by substrate. In contrast to
substrate, ligand can immediately make two node associations with the enzyme (at d and e) after
the dissociation of P1 rectifies catalysis. And once bound, ligand can complete the displacement of
P2 either by P2 dissociating from node b or node c.

The two different ways in which the futile cycles are futile—idling, which makes substrate
turnover dependent upon a single ligand, and steric displacement, which makes substrate
turnover completely independent of ligand—highlight how productive cycling is designed to be a
controlled oscillation between ligand turnover and substrate turnover. The futile cycles destroy
the oscillation.

Finally, Figs. 2E, 2F, and 2G @ are graph representations of the target and futile cycles. They chart
only intermolecular changes and catalysis and are used in place of the full depiction in the
remaining figures of the main text. The target cycle (cycle i), as defined in Eq. 13, can be followed
clockwise around the outside path of Fig. 2ECZ (blue path).

Basic simulations

Stochastic simulations were done on the system’s reaction network, which includes all possible
states the enzyme can make with its four reactants. Simulations were performed using the next
reaction method [54] in StochPy [55]. The simulations represent the behavior of a single molecule
of enzyme in solution with multiple copies of the four reactants, where the copy numbers of the
reactants are interpreted as concentrations (SI 1.3 (). In the current analysis, we focused on
characterizing and counting occurrences of the different turnover pathways (target and futile), to
confirm particular sequences of operation. We did not analyze dwell times (time spent bound to

the enzyme by each reactant) or cycle times.

Substrate turnover was measured by tracking the release of P2 from the enzyme. Although we
compare the turnover rate across different pathways in the main analysis, the initial aim was to
confirm that the presence of ligand stimulated (increased) the rate of turnover, consistent with the
operation of a myosin monomer. Simulations performed with and without ligand showed that
ligand stimulates the turnover of substrate (Fig. 3A; and Movie 3%, SI 1.6 @ ). The stimulatory
behavior, which is named ligand activation (A), can be quantified:

ves
L )

UnoL

where Uyeq, is the turnover rate with ligand and vy, is the turnover rate without ligand.
Measured over a range of substrate concentrations, ligand activation peaked at lower substrate
concentrations and tended to zero at high substrate concentrations (Fig. 3B(%). The shape of the

rate with ligand (vyes1) peaks and then tends toward zero at the highest concentration of
substrate, and the turnover rate without ligand (v,o;) increases and begins to saturate at high [S].

To verify that ligand activation resulted from incidence of the target cycle, we wrote routines to
track each P2 released and bin them by path (Fig. 3C ). The binned data shows that incidence of

activation was highest. At higher concentrations of substrate, steric displacements dominated.
Steric displacements dominate at high substrate concentrations because substrate binds more
rapidly at high concentrations, allowing substrate to saturate node a after P1 dissociates. When
node a saturates with substrate, additional substrate is more likely to bind node b when P2
dissociates from node b and is thus more likely to displace P2 (Movie 4%, see SI 1.6 (7). In contrast
to steric displacements, incidence of idling (Movie 52, see SI 1.6 (@) remained low over the entire
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Fig. 3. Plots showing behavior of the system.

A, Time traces of two stochastic simulations (done with StochPy) comparing the number of P2's released when ligand and
substrate are present (blue) versus substrate only (red), where [S] = [L] = 100 yM. B, Ligand activation (A) plotted over a range
of substrate concentrations. Because of no, or low activity for simulations done without ligand (up,q ) at low [S] (< 0.1 uM), the
error in A is too large, and these data are left out. C, Turnover rates (u) for the most relevant cycles plotted over a range of
substrate concentrations. The total rate (black; uy,)) is the sum of the separated pathways (in color). The target cycle (i, blue;
Utarget) peaks around () and then is overtaken by steric displacements (ii, orange) until the system saturates at high [S]. D,
Efficiency (E) plotted over a range of substrate concentrations. Efficiency is highest where incidence of the target cycle is
highest (compare with C, above).
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range of substrate concentrations tested. Other futile pathways occurred at an even lower
incidence and thus are not visible in Fig. 3C2, but they do minimally contribute to the overall
turnover count (see SI 1.7 %).

At the highest concentrations of substrate, all enzymatic activity tended toward zero. The
mechanism by which this occurs is inhibitory saturation, where a complex containing multiple
substrates and one ligand is repeatedly formed (Movie 67, see SI 1.6 @ ). Inhibitory saturation is
explained in detail in SI, but briefly, it takes place when substrate binds to the enzyme faster than
bound ligand dissociates from its nodes. In simulations performed without ligand, substrate

believe that inhibitory saturation would be eliminated if the reaction network was restricted to
states in which only one substrate is bound at a time.

Finally, the efficiency (E) of the target cycle was quantified:

Utar
E =100 x —2= @
UyesL

Where Uarge is the turnover rate of the target cycle. Higher efficiency overlaps with occurrences

Siloing simulations

In this last set of results, we discuss simulations that justify the values selected for cleavage and
ligation and that help to clarify the role that catalysis plays in the system. These simulations
involved varying the rates for cleavage or ligation while keeping the other parameters the same
(Fig. 4@).

the cleavage rate exceeds the off rates for the ligand’s nodes. In this regime, the cleavage of
substrate is biased to take place before the displacement of ligand by substrate completes, which
biases idling over the target cycle (Figs. 4A, right; and 4B, bottom path in blue bubble, between ¢;
and t;,1). Slower cleavage, conversely, decreases the overall turnover rate but has the positive
effect of increasing the efficiency of the target cycle by biasing ligand displacement to complete
before cleavage takes place (Figs. 4A, left; and 4B(%, top path between t; and ¢t;,1). The ideal range
lies where the cleavage rate is slower than that of the ligand koff’s, but not too slow.

Varying the ligation rate while keeping the cleavage rate at an ideal constant showed that ligation
controls when the substrate-bound enzyme can escape from reversible catalysis. No escape means
that rectification cannot occur, and thus turnover cannot occur (Fig. 4C (2). Rectification, or
dissociation of P1, after cleavage, prevents substrate from reforming by ligation and thus liberates
a degree of freedom for ligand binding. Slow ligation biases rectification by giving P1 more time to
dissociate after cleavage and maximizes entry into the target cycle (Fig. 4C, left; and 4B (%, top path
between t;,, and t;,3). Faster ligation, by contrast, inhibits enzymatic turnover and eventually

stops it altogether (Fig. 4C(2, far right).

The inhibition of turnover begins as the ligation rate approaches and then exceeds k., , the rate
at which P1 dissociates (Fig. 4C (%, middle region). At this point, substrate begins to reform faster,
through ligation, than P1 can dissociate. Beyond this threshold, the system becomes increasingly
trapped, or siloed, in a stable but catalytically active complex of product and substrate that cannot
be dismantled by ligand binding and that permanently sequesters the enzyme’s degrees of

representation is used to highlight states populated by siloing from fast ligation (orange) and those
populated by siloing from fast cleavage (blue).
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Fig. 4. Idling and catalysis siloing.

A, Plot of idling silo. While keeping the ligation rate, kjg, constant at 10 s71, idling becomes the dominant pathway taken by
the system as the cleavage rate, kg,, is increased. The crossover point lies where k, surpasses the ligand’s off rates
(between 102 and 103 s™"; vertical blue band). Before this point, in particular where kay equals kg (at 10s™"), the behavior is
optimal, and the target cycle dominates. B, Plot of catalysis silo. While keeping the cleavage rate constant at 10s7", the
turnover rate decreases and approaches zero as the ligation rate, k”g, approaches the intramolecular binding rate, k ;. C,
Idling silo pathway. Two time points along the target trajectory (top) versus idling silo trajectory (bottom) are shown. Starting
at {S/L}:{0, 15} at ¢; (in blue circle), siloing dominates when k¢, is much greater than the ligand off rates (here, kyft.o), which
sequence of idling). By contrast, when ke is greater than kg, L is biased to dissociate before cleavgéé.'(%ﬁ..ﬁ;g{h), and the
system transition to {S}:{0} instead, and stays on the target path. The rate conditions governing the top vs bottom paths are
shown below. D, Left, Idling silo on the mini-network. Right, Catalysis silo on the mini-network. The starting state for each silo
is circled: {S/L} for idling; and {P1, P2} for catalysis. Unlike the idling silo, the catalysis silo is not a cycle, but rather
interconversion between {S} and {P1, P2} without turnover. E, Catalysis silo pathway. Two time points along the target
trajectory (top) versus catalysis silo (bottom) are shown. Starting at {P1, P2}: {6, 9}, siloing dominates when k”g is much
greater K5, allowing ligation (bottom path) to take place before P1 dissociates (top path). The rate conditions governing
the top vs bottom paths are shown below.
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Because cleavage transiently liberates one degree of freedom for ligand binding and dissociation
of P1 rectifies this liberation by preventing ligation, the rate of P1 dissociation, K¢ ,, is a good
upper bound (speed limit) for the rate of ligation, meaning that ligation should be slower than K.
4 S0 that rectification can take place before ligation. However, in a system in which P1 does not
dissociate spontaneously and must be displaced as is P2, we believe that the intramolecular
binding rate, ky;, is a more fundamental speed limit that the ligation rate must be well below. k;,;
is the speed limit for ligation in this hypothetical system because ligand binding will have to stop
ligation, either by displacing a product molecule or by first directly competing for the mechanical
degree of freedom that cleavage releases. For one of these two things to take place, ligation should
not outcompete the ligand’s ability to bind internally, or ky;; should be less than kyy;.

Discussion

The purpose of catalysis

Due to the design of the linkage system, splitting substrate into two pieces has the same geometric
effect on the substrate-enzyme complex as substrate dissociating from a node, which is to
introduce flexibility. Based on this mechanical equivalence, we defined the hydrolysis mimic. The
hydrolysis mimic allows substrate to be split (cleaved) or joined (ligated) back together at a special
“catalytic” node, unique to substrate. The uniqueness allows cleavage to introduce flexibility into
the substrate-enzyme complex via a different path and timescale (or “off” rate) than that of
normal bond dissociation. In reverse, ligation can remove the introduced flexibility with a
different rate than the intramolecular binding rate (k;;;;;), and thus determine the duration of the
flexibility. In this way, substrate binding can be made weaker than ligand binding through
catalysis without destroying substrate’s ability to displace ligand.

By varying the rates of catalysis, we showed that when cleavage was too fast (flexibility was
introduced too soon), a single ligand remained bound through many turnover events. Conversely,
when ligation was too fast (flexibility was introduced for too short a time), a single substrate
remained bound and inhibited turnover. Only when the flexibility introduced by catalysis existed
for the right amount of time did the system oscillate between substrate and ligand. Hence,
catalysis (bond splitting), as interpreted here, provides a pathway by which a tight-binding fuel
can cede control of a single mechanical degree of freedom in the enzyme complex to its weaker-
binding ligand or allosteric partner. This pathway must operate in parallel to normal stochastic
binding and dissociation but on a slower timescale.

Relevance to engineering molecular motors

The chain-like linkage geometry used here is simple compared to the complex three-dimensional
geometries of proteins and ribonucleoproteins. Hence, only a small space of allosteric behavior is
explored, which is negative allosteric cooperativity between two binding sites. Even in longer
versions of these chains, events occurring at any single link in the chain can only affect adjacent
links, similar to how DNA strand displacement progressively takes place [50, 51]. This attribute

For example, what kind of linkage could incorporate a lever-arm-like structure that moves in
response to the sequential displacement of two product molecules? In myosin, actin binding
triggers the release of both products, and both releases are coupled to the motion of the lever arm.
How could a third binding site be incorporated into a linkage that positively or negatively affected
allosteric coupling between two other sites? How can self-binding be modeled? In this system, all
interactions are between the enzyme and external reactants, whereas an ATPase like kinesin also
self-binds with its neck-linker domain to modulate external specificity to ATP and microtubule.

Designing more complex allosteric behaviors probably requires extending the model to two- or
threedimensional networks [12-14, 59, 60] or origami-inspired structures [61, 62]. These systems
can have more independent degrees of freedom and more ways to arrange mechanical coupling
between them. However, rational design of complex mechanical networks is a challenge. Most
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previous studies begin with networks that are algorithmically pruned to send signals between
target sites. While powerful, extracting design principles from algorithmic solutions is not easy.
Whether future work on mechanical network models of molecules involves rational design,
algorithmic tuning, or some combination of strategies, it seems important to incorporate
mechanisms that allow transduction. In this context, transduction means mechanisms that allow
internal signals to be converted into external signals, and vice versa. Here, we showed that simple
mechanical networks can transduce signals in ways that mimic chemistry. To do so, we assumed
that conformational changes can be made without strain and can be stochastically controlled by
the stepwise addition and removal of bars in the network.

A ma jor challenge in studying biomolecular machines is determining which structures are
essential for the functions they demonstrate and which may be nonessential [63-65]. Developing
allosteric models that can produce the internal steps required to achieve various intermolecular
outcomes should make it easier to emulate various biomolecular machines through interpolation,
without the requirement of knowing every detail of how the machines may operate. Such
allosteric models will also make it easier to use known experimental methods, like DNA or RNA
construct more capable synthetic molecular machines and motors. The linkage model is intended
to be a contribution towards creating such methodologies.

Supplemental

1.1 Defining a generic ATPase cycle

In this study, we define a chemical cycle that is based on the cycle of a myosin and dynein
monomer. Below, we first give two reasons for why myosin and dynein were chosen as starting
points and then describe how the simplified cyle is derived from the myosin and dynein cycles.

Why choose to emulate myosin and dynein monomer cycles?

The first reason is that myosin and dynein monomers can be viewed as having the same chemical
cycle if their allosteric effectors—actin for myosin, and microtubule for dynein—are equated to
one another by function and order of reactivity. Actin and microtubule both function as nucleotide
release factors, and bind in the same order in their respective cycles. If actin and microtubule are

form of ATPase behavior—behavior that can be satisfied by different structures that bind different
effectors.

The second reason is that the chemical behavior defined by myosin and dynein monomers is
simple compared to that of other ATPases, even kinesin. In kinesin—the third type of cytoskeletal
motor—specificity to nucleotide and microtubule is also conferred by the state of the neck linker.
The neck linker connects two monomers together and essentially acts as a third category of
reactant. By contrast, myosin and dynein have two categories of reactants, which are nucleotide
(ATP, Pi and ADP), and nucleotide release factor (effector).

Defining the simplified cycle

The chemical cycle of myosin monomer is a series of six states [74, 75]. When thinking about the
chemical cycle abstractly, it is important to keep in mind that all structural and mechanical
features are forgotten, which is difficult to do given all that is currently known about myosin. In
the chemical cycle, a myosin monomer is essentially an allosteric enzyme that has two binding
sites, one which binds nucleotide, and one which binds actin:

ATP displaces actin actin displaces Pi, then ADP

{actin} X {ATP/actin} 2 {ATP} 2 {Pi, ADP} & {Pi, ADP/actin} > {ADP/actin} > {actin} --» (5)
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Starting with the actin bound state, this cycle says that ATP binds (1) and displaces actin (2), atp is
cleaved (3), actin rebinds (4) and displaces Pi (5), and then ADP (6). A dynein monomer follows the
same sequence, except that actin is replaced with microtubule (‘MT):

ATP displaces MT MT displaces Pi, then ADP

{MT} 5 {ATP/MT} 2 {ATP} 3 {Pi, ADP} % {Pi, ADP/MT} 2 {ADP/MT} % {MT} --» (6)

We formally equate and abstract these two cycles by renaming the reactants:

i. actin = microtubule = ligand (L)
ii. ATP = substrate (S)
iii. Pi = product 1 (P1)
iv. ADP = product 2 (P2)

With these changes, both cycles can be represented by the following cycle:

S displaces L L displaces P1, then P2

L} 5 {s/Ly 3 (s} 3 (P1, P2} & {P1, P2/L} 3 {P2/L} S (L} - )

In the final simplification of the cycle, P1 is allowed to dissociate spontaneously, and thus ligand
binding is responsible only for the displacement of P2, where it is assumed that P1 spontaneously
dissociates before P2 is displaced:

S displaces L L displaces P2
{L} = {S/L} % {8} & {P1, P2} 5 {P2} > {P2/L} 5 {L} --» (8)

P1 dissoc. spontaneously

1.2 Constructing the reaction networks

The reaction networks were constructed in these four steps:

1. Generate basis states.

2. Map exclusion rules between basis states.
3. Generate complete set of states.

4. Connect states to one another.

Each of these four steps are described in detail below:

1. Generate basis states

The basis states were created by enumerating all the ways the single reactants can bind to the
enzyme. There are seventeen basis states including the empty state (SI Fig. 2(%). The TRV basis

states excludes two geometrically possible states by invoking an ad hoc principle, named the
adjacency rule, that only adjacent multivalent bonds can form (SI Fig. 3(%).

2. Map exclusion rules between basis states

The exclusion rules for each system are mapped out as a binary matrix that matches the three sets
of substrate and product basis states against the set of ligand binding basis states. For each
matchup, the two states can either coexist together on the enzyme, and thus are an allowed two-
molecule-bound state, or they cannot coexist together on the enzyme, and thus are an excluded
two-molecule-bound state (symbolized by). What should be noticed is that excluded states only
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Fig. 1. Myosin chemomechanical cyle vs simplified chemical cycle.

A. Five reactants of a myosin monomer: myosin with a lever arm; polymeric actin; ATP; Pi; and ADP. B. Chemomechanical
cycle of a myosin monomer. Myosin goes through six chemical steps and two major mechanical changes of the lever arm,
which are the recovery stroke, and the power stroke, where the power stroke is often depicted taking place in two stages. C.
Five reactants of the generic ATPase-like machine: the enzyme; the ligand; substrate; P1; and P2. D. Simplified chemical cycle
of the generic ATPase-like machine. In this cycle, P1 (the Pi analog) dissociates before ligand (the actin analog) binds.
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Fig. 2. Basis states.

Subset of seventeen states that are used to generate and name the complete set of 449 states. In each of these states only
one molecule of S, P1, P2 or L is bound, and the subset of states enumerates all the different ways these four molecules can

bind to the enzyme, barring the two states eliminated by the adjacency rule.
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Fig. 3. Adjacency rule.

Only adjacent bonds are allowed to form or dissociate between two interacting linkages. Left, disallowed substrate state in
which the two outer nodes are bound, and the central node is dissociated. Right, disallowed ligand state in which the two

outer nodes are bound, and the central node is dissociated.
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result from matching one multivalent state to another multivalent state. The system has nine
excluded states: seven for S and L ({1, 12}, {0, 12}, {1, 10}, {0, 10}, {2, 10}, {0, 11}, and {2, 11}); and
two for P2 and L ({6, 10} and {6, 11}).

3. Generate complete set of states

[Notations used: B", where n = 0 to 6, denotes sets of states with n number of molecules bound to
the enzyme. For example, BY is the empty state, and B! is the set of one-molecule-bound basis

to the row of the matrix, where the subscript m denotes a state written as a set of basis states (e.g.
if m = 0, 13, this means state {0, 13}). In the matrix, ‘0’ means the states cannot coexist, and ‘1’
means that can coexist. Hence, ‘0’ is equivalent to the A symbol used in Fig. 4 @.]

Sets of higher order bound states were successively generated by multiplying (as a binary matrix)
the set of states with one molecule less, with the set of basis states B! (e.g. B*=pB3x Bl). The
process starts with the generation of B2, where B% = B! x Bl:

o 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15

0 o o 0 0o 0 06 0 0 0O 0O 0 0 1 1 1
1 o 0 0 0 1 0 0 1 0 O O 1 0 1 1 1
2 o 0o o0 1 0o o0 O 0O 0 1 0O 0 1 1 1 1
3 6 0 1 0 1 1 1 1 1 o0 1 1 1 1 1 1
4 6 1 0 1. 0 1 O O 1 1 1 1 1 1 1 1
5 o o o0 1 1 0 0 1 0o 1 1 1 1 1 1 1
6 o 0 0 1 o 0 O O O 1 0O 0 1 1 1 1
B*= 7 6 1 0 1 0 1 O O 1 1 1 1 1 1 1 1
8 6 0 0 1 1 0 O 1 0 1 1 1 1 1 1 1
9 6 0 1 0 1 1 1 1 1 0 1 1 1 1 1 1
10 o 0 0 1 1 1 0 1 1 1 O O O O O O
11 o 1 0 1 1 1 0 1 1 1 O 0O O O 1 O
12 6 0 1 1 1 1 1 1 1 1 O O O 1 O O
13 111 1 1 1 1 1 1 1 O O 1 O 1 1
14 17+ 1 1 1 1 1 1 1 1 0O 1 0 1 0 1
15 1111 1 1 1 1 1 1 1 0O O O 1 1 O

The resulting B2 matrix has two uses: 1) it generates the two-molecule-bound states, which are
indicated wherever a 1’ appears in the matrix; and 2) it generates a set of row vectors B2, to
compliment each basis state m in B!, which are in turn used as multipliers to generate the higher
order states. For example, the 1’ in row 0, column 13, represents state {0, 13} in B2 To generate B3
(B3 =B2x Bl), each state in B2 is converted into a row vector for B3, using the set of basis vectors
B2,. This is done by performing an element wise multiplication of the basis vectors that comprise
each state in B2, Hence, state {0, 13} is converted into row vector B3713 in B3 by multiplying basis
vectors B and B2, together element-wise, which is expressed as the Hadamard product, where
means element-wise multiplication:

B1;=B2oB%L=[0000000000000111]o
[1111111111001011]=
[00000000000000T11]

Thus, for every ‘1’ in Bz, the Hadamard product is used to construct the rows of B3:
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{S} {P1} {P2}
1 0 2 9 6
{L} {S, L} {P1; L} {P2, L}
I9i%6% A 2 g§‘3 B | oA
12 1,12 0,12 2,12 9,12 6,12
9, %s! A A A 9 %s! A
10 1,10 0,10 2,10 9,10 6,10
<> % 2 A <> A
1 1,11 0,11 2,11 9,1 6,11

Fig. 4. Rules matrix.

This binary matrix graphically displays the geometric restrictions that exist between the basis states, and which each
represent an instance of negative allosteric coupling. Basis states that cannot coexist, and generate a new state, are
represented with 3, for “does not exist”. There are nine conflicts denoted with A. Note that P1 and the ligand-bound-states
({L}) do have any conflicts, because P1 is bound monovalently to the enzyme.
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o 1 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15

0,13 o 0 0o 0 O 0O 0 0 0 0O O 0 0 0 1 1

0,14 o 0 0 0o 0 0O 0 0O 0 O O 0 O 1 0 1

0,15 o o0 0 o 1 0 0 O O O O O O 1 1 0

B3—- L4 o o0 0 o o0 0 0 o0 o o 0 1 0 1 1 1
1,7 o o0 o0 o0 o0 0 0 O o o0 o0 1 0 1 1 1

1,11 o o0 0 o0 1 0 0 1 0 O O O O 0 1 O

14,15 11 1 1 1 1 1 1 1 1 O O O 1 O O

To generate B the process is repeated. For example, the row vector B3’13714 is generated by the
product of B} 5 and basis vector B,:

Bj 1314 =B130Bl,=[0000000000000011]o
[1111111111010101 ]=
[000000000000000O0T1 ]

If B is used to symbolize the full set of states in the system, then B = {B%, B1, B2, B3, B4 B>, B},
where B is the empty state, in which none of the nodes are occupied, and B is the subset in which
all six nodes are occupied by a different reactant. The number of states in each set is given below

Table 2. Number of states in each set.

Set No. of states

B0 1
Bl 16
B2 74
B3 150
B4 142
B 58
B6 8

B (total) 449

4. Connect states to one another

The states were connected together in two stages: (i) a unique set was constructed in which each
member was a pair of states that could reversibly transition to one another; and (ii) each direction
of the pair was again classified by reaction type and assigned with the appropriate rate. The
process has some redundancy because pairs were classified by reaction type at both stages. In
principle, this could have been done once. First we describe stage i in more detail, and then stage
ii:
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i, Constructing a unique set of transition pairs: This process was done in three parts: (a) finding
pairs that define bimolecular binding/dissociation; (b) finding pairs that define intramolecular
binding/dissociation; and (c) finding pairs that define catalysis/ligation. These three categories are
described individually below:

a, Finding bimolecular binding/dissociation pairs: These pairs were found using a matrix called the
binding matrix b, which describes whether two basis states in the B! set can combine to form a
new state by a binding reaction, with the addition of a row for the empty state ({18} or B%):

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

0 o o o0 o o o o o0 o o0 o O o 1 1 1
1 o o 0 o 1. 06 06 1 o0 0o O o0 1 1 1
2 o o o0 1 0 0O O O O 1 0 O o0 1 1 1
3 o o o0 o0 1 1 0 1 1 0O 0O O O 1 1 1
4 o o 0 1 0 1 0 O 1 1 0 O O 1 1 1
5 o o 0 1 1 0 0 1 0O 1 0O O O 1 1 1
6 o o o1 0 0 O O O 1 O O O 1 1 1
b— 7 o o 0 1 0 1 0 O 1 1 0 O O 1 1 1
8 0o o 0 1 1 0 0 1 0O 1 O O O 1 1 1
9 o o o0 o0 1 1 0 1 1 O 0O O O 1 1 1
10 o o 0 1 1 1 0 1 1 1 O O O O O O
11 o o 0 1 1 1 0 1 1 1 O O O O 1 0
12 o o o0 1 1 1 0 1 1 1 0O O O 1 O O
13 o o 0 1 1 1 0 1 1 1 0O O O O 1 1
14 o o o0 1 1 1 0 1 1 1 0 O O 1 O 1
15 o o o0 1 1 1 0 1 1 1 O O O 1 1 O
18 o o 0 1 1 1 0 1 1 1 0 O O 1 1 1

The matrix b maps out a subset of the pairs in B2, with entries that reflect only allowed single-
node interactions. An entry of a 1’ at a given column position means that the basis state at that
column position can combine with the basis state for that row to form a new state that contains
the row basis state and the column basis state, where the column state is the new molecule that
binds at a single node. Hence, each row can be thought of as a basis vector for binding. And thus,
for every state in the system, a combined binding vector could be calculated using the Hadamard
product in the exact same way it was done to find successive higher order states. For example, to
find the binding vector by 43 for state {1, 13}, the binding vectors for {1} and {13} are multiplied
together:

b1,13:b10b13:[000010010000011].]0
[0001110111000011]=
(00001001 000000T11 ]

As there is a ‘1’ at positions {4}, {6}, {14}, and {15}, state {1, 13} can make four different binding
transitions to new states containing these basis states, and in reverse, dissociations take place to
transition to state {1, 13}:

{1,13} = {1,4,13}
{1,13} = {1,6,13}
{1,13} = {1,13,14}
{1,13} = {1,13,15}

(€)
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Hence, for every state in the system, the process is repeated to find all the possible bimolecular
binding/dissociation transitions.

b. Finding intramolecular binding/dissociation pairs: These pairs were found using a matrix, the
isomerization matrix (i), that describes which states can transition to another by an
intramolecular binding/dissociation reaction. For example, when the ligand or substrate are
bound at two nodes, and make a third association with the enzyme, and vice versa for

dissociation:

o 1 2 3 4 5 6 7T &8 9 10 11 12 13 14 15

0 o 1 1 0 O O O O O O O O O o0 0 O

1 1 o 0 1 0 1 0 0 O 0 0 0 0 O0 O0 o

2 $r o0 o o0 1 1 0 O 0O 0 O 0 0 0o o0 O

3 o 1.0 O 0O O O O O O 0O 0 0 o0 o0 o

4 o o1 0 0O O O O O 0O o0 0 0o o0 o0 o

5 o 11 0 O O O O O O O 0 o o0 0 o0

6 o o o 0 0o 0 o0 1 1 0 O 0 O 0 0 O

i= 7 o o o 0o o 0Ob 1.0 0 0 0 0 0 0 o0 o0
8 O o0 0o o 0O O1 0 0 O0OO0O 0O O0 0 00

9 o o o o 0 O 0 0O 0o 0 0 0 0 o0 o0 0

10 o o o o o 06 0 00 0 0 1 1 0 0 O

11 o o 0 o o o o O o o0 1 o0 O0 1 0 1

12 o o 0 o o o o o o o0 1 0 0 o 1 1

13 o o o o o o0 o o o o0 o0 1 0 0 0 o0

14 o o o o o o0 o o o o o o0 1 0 0 o0

15 o o o 0O o O o0 o0 o o o0 1 1 0 0 O

Like b, i is a subset of the pairs defined in BZ. The possible isomerizations indicated by i cannot
conflict with any other molecule that is bound to the enzyme, where the conflict can be either
steric or allosteric. For example, the state {1, 14} does not have any conflicts, but {1, 12} does have
an allosteric conflict, even though {14} can transition to {12} when it is on the enzyme alone.
Hence, to account for conflicts, i is used with B in the following way. To test for isomerizations,
each basis state in a state is tested individually by taking the Hadamard product of its i vector and
the B2 basis vectors for all the other basis states in the state. For example, to test state {3, 12, 13}
for isomerizations, {3}, {12}, and {13} are tested separately. Testing {3} first is done by multiplying
i3 by B%Q and Bf3, which shows that {3} cannot isomerize when present with {12}, and {13}; or
substrate on node a cannot bind any other node when one ligand is bound divalently at d and e,
and another is bound at f:

i30B%oB%=[0100000000000000]o
[0011111111000100
[(11111111110010°11

[0O0O0OO0D0D0DO0D0OD00O0D0DO0OO0O0O0O

o

]
]
]
]

Testing {12}, reveals one possible isomerization to state {3, 13, 14}:

Omabegho, 2026 eLife 15:RP111064. https://doi.org/10.7554/eLife.111064.1 21 of 55


https://doi.org/10.7554/eLife.111064.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/physics-living-systems

°Fe o Physics of Living Systems
v eLife

o

inoB3oBH=[000000000010001
([001011111011111
[111111111100101
(0000000000000 O0-1

— = =
L e i
Il o

where in this isomerization the divalently bound ligand is dissociating from node d or e. Testing
{13} results in no other isomerizations. Hence the final result is that {3, 12, 13} isomerizes to {3, 13,
14} and {3, 13, 15}, where because basis states are ordered numerically, {14} and {15} are written
after {13} in the new states, though they are isomerization of {12}:

{3,12,13} = {3,13,14} 10
(3,12,13} = {3,13,15} (10
To describe the transitions in terms of the molecules: in the forward direction, the divalently
bound ligand dissociates from node d or e, and in the reverse direction, the same ligand rebinds
binds at node d or e.

c. Finding cleavage/ligation pairs: These pairs were found by looking for all states that contain {0}
the fully bound substrate, and converting {0} to {6} and {9}, where {6} is P1 bound at node a, and
{9} is P2 bound divalently. Any state that contains {0} automatically accounts for the reaction in
both directions and rules out any geometric conflicts, because the substrate can only be fully
bound when there are no geometric conflicts. Thus any state generated by converting {0} to {6}
and {9} is a ligation ready state without geometric conflicts, which specifically means they do not
contain basis states {11} or {12}.

ii. Assigning rates to each direction of a reaction pair: Rates were assigned using a series of
logical statements that checked to see what kind of forward and reverse reactions a pair of states
described, and then assigned rates accordingly: dissociations were assigned rates based on the
node from which the dissociation took place, bimolecular binding reactions were assigned the
bimolecular binding rate constant multiplied by a factor that reflected the concentration of the
molecule binding, intramolecular binding reactions were all assigned the same unimolecular rate

Table 3.Categories of reaction rates

Parameter Value

Bimolecular rate constant, ky; 9x 108 M 1571

Concentration, ¢,,, (m =S, P1,P2,L) varies with m; units of M

Intermolecular binding rates, k,, 1

kbi X Cm s~

Intramolecular binding rate, kyn; 1 x 106 571

Dissociation rates, Kofrnode varies with node; units of s1

Catalysis, k¢, 100 5!

Table 4. Dissociation rates

Rate Reactants Value

kofea S/P1 250571

kOff—b S/P2 3 S*l
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Kofec  S/P2 680 57"
Kofr.a L 68051
Kofe L 200571
Kote.t L 68051

Table 5.Stochastic conversions of rates

Parameter

Value

Volume, v

1x10712 m3

Scaling factor, Ny x v

6.022 x 1011 M1

Stoch. bimol. rate constant, k; = kpi/(N4 x 0)

9/6.022 x 1073 571

Stoch. “concentration”, c;, = Cm X (N4 x V)

varies with m; units of No.

Intermolecular binding rates, k,,,

ki % ¢, (0r kpj % €py)

Table 6.Energies of the unbound and bound enzyme.

State Energy Boltzmann factor
& e e
€1 Enode ~ M e_ﬁ(£l+8node -u

Table 7. Exclusive behavior blocks from non-exclusive blocks.

Physics of Living Systems

This table shows the sets of nonexclusive behavior blocks (top row, ‘nx’ subscript) that compose each exclusive behavior

blocks (left column, no subscript). A ‘1" indicates that the non-exclusive block is an allowed element, and a ‘0’ indicates

that it is not an allowed element. The starred exclusive blocks, Ifsd*, If* and If-frc*, do not have non-exclusive

counterparts, as do the other blocks, and are only defined as compositions of the other non-exclusive blocks.

pc™  pci™  fryS™®  frnS™*  frc™ fssd™ 5™ ws id™x
pc 1 0 0 0 0 0 0 0 0
1 0 0 0 0 1 0 0 0
pci 0 1 0 0 0 0 0 0 0
0 1 0 0 0 1 0 0 0
fryS 0 0 1 0 0 0 1 0 0
0 0 1 0 0 1 1 0 0
fryS 0 0 0 1 0 0 0 0 0
0 0 0 1 0 1 0 0 0
frc 0 0 0 1 1 0 0 0 0
Ifsd* 0 0 1 0 0 1 1 0 0
0 0 0 1 0 1 1 0 0
0 0 1 0 0 0 1 0 0
fssd 0 0 0 0 0 1 1 0 0
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1f* 0 0 0 1 0 0 1 0 0
If-fre* 0 0 0 1 1 0 1 0 0
fs 0 0 0 0 0 0 1 0 0
ws 0 0 0 0 0 0 0 1 0
idl 0 0 0 0 0 0 0 0 1

1.3 Stochastic formulation of the intermolecular on rates

Physics of Living Systems

which is a reaction volume multiplied by Avogadro’s number (N4 x v). By dividing the bimolecular
rate constant (ky;) by this scaling factor, ky;, which has units of M"'s™!, and which retains some
relevance to reaction rates for real biomolecules, was converted into a stochastic version, &;, with

units of s71, Likewise, concentrations, c,,’s, which have units of M, were multiplied by the scaling

factor to convert them into their stochastic versions, ¢’ ’s, which have units of “number of
m

molecules” (No.).

Table 8.Behavior block data for ‘basic’ simulations.

[SJuM total idles fryS frnS frc fs fssd 1If Ifsd Iffrc ws pc pci
1x107% 1 0 0 0 0 0 0 0 0 0 0 1 0
ax104 4 0 0 0 0 0 0 0 0 0 0 4 0
5x1074 2 1 0 0 0 0 0 0 0 0 0 1 0
1x103 19 1 0 1 0 0 0 0 0 0 0 17 0
ax103 37 3 0 0 0 0 0 0 0 0 1 33 0
5x103 93 1 0 0 0o 2 0 0 0 0 0 9 o0
1x102 148 5 0 1 1 0 0 0 0 0 0 141 0
2x102 238 8 0 1 0o 3 0 0 0 0 0 225 1
5x102 448 16 0 1 0 5 0 0 0 0 2 420 4
1x10"1 624 11 1 2 0o 7 0 0 0 0 0 597 6
2x10°1 706 18 1 2 1 10 1 0 0 0 2 666 5
5x101 819 24 13 0 2 8 9 0 0 0 0 760 3
1x100 875 25 33 4 0 13 28 0 1 0 1 765 5
2x1070 924 32 51 0 0 8 47 0 4 0 1 775 6
5x100 984 30 104 3 0 11 92 0 13 0 1 724 6
1x10"1 1061 36 157 2 0 6 133 0 35 0 1 68 5
2x10°l 1193 41 225 0 0o 7 1% o0 77 0 2 639 8
5x10°1 1327 32 308 1 0 9 268 0 133 0 1 566 9
1x1072 1476 41 331 0 0 5 303 0 203 0 6 587 0
2x1072 1484 37 349 0 0 7 33 0 242 0 11 499 5
5x102 1236 35 283 0 0 7 254 0 196 0 12 444 5
1x1073 768 12 183 0 0 6 171 0 122 0 17 256 1
2x1073 358 8 86 0 o 7 79 0 49 0 11 118 0
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5x1073 103 2 12 0 0 6 19 0 23 0 10 31 0

1.4 Converting node energies into off rates

Here, an expression is derived for calculating a node dissociation rate (Ky¢f.,,04e) In terms of its
node energy (€,,,40), and vice versa. This is done by satisfying local detailed balance for binding to
and dissociation from a single node, as shown in the following figure:

J

-
-

ji J

State i is the unbound enzyme, and state j is the bound enzyme; k;; is the rate for transitioning
from i to j, and k;; is the rate for transitioning from j to i. Although a specific reaction is shown in
the figure, the setup of the derivation is general and can work for any node and molecule that
binds that node.

If the equilibrium probability of being in state i is written as pi, and for state j, written as pj , then
the equilibrium condition must satisfy:

kijpij = kjip; 11)

The equilibrium probabilities are given by the Boltzmann factors for each state, divided by the
partition function:

—BGi
Z

e

i = 12)

allows the transition rates to be expressed in terms of the state energies:

k::
ZU _ eBG=Gy) (13)
ji

The goal is to replace the above free energies with expressions relevant to states of the linkage. To

energy of the node. The full expression for y, the chemical potential, which is described in Marzen
et al. [76] as the “free energy cost of removing a ligand from dilute solution”, is:

C
p= o+ kTl — (14)

where p is an “unspecified reference chemical potential”, and ¢ is an “unspecified reference
concentration”.
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ki ¢

W = —B(enode—pi0)

= —¢ 15
ki CO (15)

In the final step, kij, a binding rate, is expressed as the concentration (c) of the molecule binding,
multiplied by a bimolecular rate constant (ky,;), so that kij = cky; and kij, a dissociation rate, is
renamed Kqgr 040 Making these two substitutions and solving for Kq¢f. 046 giVes:

kOfffnode = COkbieiﬁAsmdc (16)

where Agp40 = Ho ~ Enode- TKINg the log of both sides allows the node energy to be solved for in
terms of the dissociation rate:

a17)

ko —noae
Ao = —kpTIn (M>

coky;

1.5 Behavior blocks

Here we describe the different ways that substrate turnover takes place, using twelve flow charts
(“blocks”). Each block contains multiple pathways by which turnover can take place. These twelve
blocks are the twelve different categories of turnover behavior that were tracked by code,
analyzed and graphed. All describe a set of unique futile behaviors, except the productive cycle
block, which describes the desired non-futile behavior.

Reaction sequences that make the behavior blocks

To generate the flow charts, we first defined a set of fourteen reaction sequences. Each of these
sequences describes a different way that the composition of molecules bound to the enzyme
changes. Eight sequences (ad2, ad2w/S, ad2* sd, combo-I, combo-II,rd - ¢ - S,andrd - ¢ - L)
describe eight different ways that P2 dissociates from the enzyme, accompanied by the binding of
S, L, of a combination of S and L. Two sequences describe two variations of ligand displacement by
susbtrate (ad1, ad1ws). One sequence describes how one substrate can be exchanged for another
substrate (combo III). One describes cleavage. One describes rectification. And finally one
describes idling:

1. ad1 (allosteric displacement 1): A single substrate binds and displaces ligand, such that when
ligand dissociates, substrate is completely bound at all three nodes.

2. ad1ws (allosteric displacement 1 weak start): A single substrate binds and displaces ligand,
such that when ligand dissociates, substrate is NOT completely bound at all three nodes.

3. ad2 (allosteric displacement 2): A single ligand binds and displaces P2, such that when P2
dissociates, ligand is completely bound at all three nodes.

4. ad2wy/S (allosteric displacement 2 with S): Same as ad2, except that when P2 dissociates,
substrate happens to be bound as well, but bound without actively participating in the
displacement of P2.

5. ad2* (allosteric displacement 2*): Either a single ligand binds and displaces P2, such that the
ligand is NOT completely bound when P2 dissociates; or, multiple ligand bind and displace P2,
which requires that none of the ligands can be completely bound.

6. sd (steric displacement): a single subtrate binds and displaces P2.

7. combo I: Substrate and ligand displace P2 together, such that ligand is partially bound when
P2 dissociates.

8. combo II: Substrate and ligand displace P2 together, such that ligand is completely bound
when P2 dissociates.

9. combo III: The exchange of substrate before it is cleaved, mediated by another substrate
alone, or another substrate and ligand working together. After exchange is completed, the
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new substrate will either displace the ligand, or the ligand will displace the new substrate. If
ligand wins, it will eventually be displaced by another substrate. Thus, we say that a combo III
always ends with an ad1.
10. rd - @ - S: P2 spontaneously dissociates, followed by substrate binding to the empty enzyme.
11.rd - @ - L: P2 spontaneously dissociates, followed by ligand binding to the empty enzyme.
12. =< (cleavage): substrate is cleaved into P1 and P2

13.
H (rectification): P1 dissociates, which stops reversible catalysis

14. idling: Ligand stays bound during the cleavage of substrate. Idling may of may not include
ligand also staying bound through rectification.

Behavior blocks

Each path begins and ends with the dissociation of P2. In between the beginning an end a
substrate binds and is cleaved. The first P2 that dissociates is the P2 born from the previous
substrate that was bound and cleaved. The second P2 that dissociates is born from the substrate
that binds and cleaved between the two P2 dissociation events. If the two P2 dissociations conform
to the definitions of a productive cycle, then the cycle is a productive cycle. If they do not, the cycle
is futile:

1. pc (productive cycle): A pc begins and ends good.

2. fryS (futile-reset-yes-S): A fryS begins good (unless it is preceded by a fryS or Ifsd that end with
a sd); and it ends badly. Its bad ending is either the steric displacement of P2 by S (sd), or the
displacement of P2 by ligand and substrate together (combo I).

3. Ifsd1 (ligand-free-sd; sd at the beginning): A Ifsd1 begins and ends badly. It begins with a sd,
and ends in one of four futile ways (sd, combo-1, ad2*, or rd - @ — S). The ‘ligand-free’
designation is accurate if it does not end with a combo-I or ad2*. Since a combo-I and ad2*
occur rarely, more often then not, a Ifsd is ‘ligand-free’.

4. fssd (futile-start-sd): A fssd begins badly but ends good. It begins with a sd, and ends like a
productive cycle.

5. idling: Idling can begin and end good or bad. It is futile and unique in that cleavage takes place
while ligand is bound.

6. frnS (futile-reset-no-S): A frnS begins good (unless it is preceded by a fryS or Ifsd that end with
a sd, just like a fryS); and it ends badly. Its bad ending is either P2 spontaneously dissociating,
followed substrate binding (rd — @ — S); or the dissociation of P2 when ligand is weakly bound
(ad2*).

7. frc (futile-reset-complete): A frc begins like a frnS and fryS, and ends badly, like frnS (rd - & -
S).

8. If-frc (ligand-free-futile-reset-complete): A If-frc begins badly, with eitherasdorrd - @ - S;
and it ends badly, like a frc (rd — @ - S). The ‘ligand-free’ designation is accurate if it does not
ends with a combo-I.

9. fs (futile-start): A futile-start begins bad, and ends good (like a pc). Its bad beginning is the
random dissociation of P2, followed by the binding S to the empty enzyme (rd - @ - S).

10. Ifsd2 (ligand-free-sd; sd at the end): A Ifsd2 begins bad (rd - @ - S), and ends bad (sd or
combo-I). The “ligand-free” designation is accurate if ends with an sd.

11. If (ligand-free): A If begins and ends bad. Its bad beginningisrd - @ - S, and its bad ending is
either ad2* orrd - @ - S. The ‘ligand-free’ designation is accurate if it ends withrd - @ - S.

12. ws (weak-start): A ws almost begins good (like a pc), but is characterized by a displacement
sequence in which ligand dissociates when substrate is partially bound.

Identifying the behavior blocks

Step 1: The first step was to go through each trajectory, line by line, and record relevant binding
information about substrate, ligand and p2.
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Fig. 5. Reaction sequences.
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’f -0
_6L>
{S, P2/L} {S, P2}
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*——o 00
s s T X 1
B 5 TR — — o —
{P2} {P2/L} {8, P2/L}
P2
\\ -0
_*7,
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{SIL}
1 combo-Ill
L S2
*—o—o 00—
! 5 N \ 1 7
m W — — — -
{S} {S/L} {S, S/L}
S1
*-o-—o
—= M 7. o
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Fig. 6. Reaction sequences.
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Fig. 7. Reaction sequences.
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Fig. 8. Behavior blocks.
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Fig. 9. Behavior blocks continued.
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For each substrate that bound, we recorded:

w N =

. when it dissociated—if it dissociated as substrate
. when cleavage happened, if it happened

. when ligation happened, if it happened

. when P1 and P2 (created by cleavage) dissociated

For each ligand that bound, we recorded:

w N =

. when it bound

. when it dissociated

. if cleavage events took place, while it was bound
4.

if P2 dissociated, while it was bound

For each P2 that dissociated, we recorded when it dissociated.

Step 2: In the second step, substrate turnover events were matched to specific behaviors that
make them either part of a productive cylces, or part of a futile turnover. These behaviors are the
initial definitions of the turnover blocks. The initial definitions are called “non-exclusive” (and
labeled with nx superscript) because some turnover events satisfied conditions in more than one
these “non-exclusive” blocks.

Initial & non-exclusive behavior blocks:

1.

fryS"™*: When P2 dissociates, substrate is bound, and ligand (if bound) is not fully bound. By
default, ligand can be partially bound, though this is not explicitly tested for. The fryS™ P2
release conditions satisfy reaction sequences sd, or ad2*, at the end of a fryS, and Ifsd1.

. frnS™*: When P2 dissociates, substrate is not bound at all, and ligand (if bound) is not fully

bound. By default, ligand can be partially bound (in states {11} or {12}). In contrast to a fryS™,
partially bound ligand is flagged here, for later use in defining other exclusive blocks. The
frnS"™ P2 release conditions satisfy reaction sequencesrd - @ - S and ad2* at the ends of
frnS, If and Ifsd1. Combined with the P2 release conditions for frcnx, they satisfy reaction
sequence, rd — @ - L, at the end of a frc and If-frc.

. frc™: When P2 dissociates, substrate is not bound at all, ligand is not fully bound, and

following P2 dissociation, ligand binds to the empty enzyme. By default, ligand can be partially
bound, though this is not explicitly tested for. Combined with frnS"%, these P2 release
conditions satisfy reaction sequence, rd - @ - L, at the end of a frc*.

. fs"X: When substrate binds and is subsequently cleaved, ligand is not bound at all. If it is not

the first substrate binding event (turnover event) of the simulation, the fsnx conditions satisfy
reaction sequence, rd — @ - S, at the beginning of fs*, If* and Ifsd1*, where rd in the reaction

sequence corresponds to the P2 release event of the preceding block. If it is the first substrate
binding event of the simulation, they satisfy reaction sequence, @ - S, at their beginnings.

. fssd™: When substrate binds, P2 is bound, and when substrate is subsequently cleaved, ligand

is not bound. These conditions eventually satisfy a sd at the beginning of a fssd, for the P2
release of the preceding block.

. ws"™X: When P2 dissociates, ligand is partially bound (ligand is any state but {10}). This satisfies

the ad1ws condition.

. If"X (logical combination of frnS and fs): If is defined as a combination of the conditions set for

frnS and fs. Here the flag set in frnS is used to rule out partial binding of ligand during P2
dissociation. Thes conditions satisfy the beginning and ending of If as defined in Fig.

. Ifsd™ (logical combination of fryS, frnS, fs, fssd): Ifsd is defined so that a sd takes place at the

beginning, end, or both the beginning and end of a substrate turnover event. Three logical
combination of fryS, frnS, fs and fssd achieve this goal:

a. fssd, fs, and fryS are true; frnS is false (Ifsd1, sd at the beginning and end)

b. fssd, fs and frnS are true; fryS is false (Ifsd1, sd at the beginning only)

c. fs and fryS are true; frnS and fssd are false (Ifsd2, sd at the end only)

. idling™: A futile event because ligand is bound during cleavage. Three cases are looked for,

with each considering the possibility that substrate is cleaved (and thus ligated at least once)
more that once before P1 dissociates, where category 2 and 3 are rare:
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a. Ligand is bound at the first and last cleavage event

b. Ligand is bound at the first cleavage event, but dissociates before the last cleavage. This case
only applies when there are more than one cleavage events

c. Ligand is NOT bound at the first cleavage event, but binds before the last cleavage. This case
also only applies when there are more than one cleavage events.

10. pc™: The productive cycle has two main conditions tested for (steps i and ii below) to establish
that the substrate turnover event in question is a productive cycle. If these two conditions are
met, steps iii and iv determine further details of the two P2 displacements that place, where
the P2 displacement tested for in step iii, is not required to occur, given how productive cycles
are defined (e.g. they can start withrd - @ - L).

i. When P2 dissociates, ligand is fully bound (in {10}). This P2 is P2_current, and this ligand is L2.
ii. The substrate from which P2_current was cleaved is matched to a viable ligand (L1), if
possible. Viable ligand are ligands that dissociated when a substrate was fully bound (in {0}). If
a match is made, the substrate turnover event is a productive cycle. Three conditions are met
for a successful match:
i. substrate binds to the enzyme when a viable ligand is already bound
ii. substrate remains bound after the viable ligand dissociates
iii. substrate is cleaved after the viable ligand dissociates
iii. If L1 displaced a P2 (P2_previous) when it bound, L1 is matched to this P2.
iv. P2_current is finally matched to L2.

Step 3: In the final step, a series of logical statements were used to construct mutually exclusive
behavior blocks from the non-exclusive blocks, such that each exclusive block captured a unique
set of pathways by which substrate was turned over, and all turnover events were accounted for.

A tricky aspect of the non-exclusive blocks is that some of them are defined in such a way that they
capture unexpected, or unintended behavior, and this behavior is not always consistent with their
naming. For example, fssd™* captures steric displacements, but it also captures combo-I and
combo-II displacements, because there is no restriction on the whether ligand is bound or not in
the fssd™ definition. These combos can show up at the start of a productive cycle, and thus the
“futile-start” and “sd” monikers for fssd™*, do match the “productive cycle” moniker, but the
behavior of fssd™ is consistent with the definition of a productive cycle.

Note that the starred exclusives (Ifsd* 1f* and If-frc*) are only defined as logical combinations of
the non-exclusive blocks. However, in the code, Ifsd™ and 1f"* are already defined at step 2, before
the final set of logical statements are used to make all the behavior blocks mutually exclusive from
one another.

1.6 Movies

(All animations were made by Christian Swinehart (drafting@samizdat.co 2).)

Each movie is accompanied below by a dwell time plot (see examples in SI Figs. 10% and 11 (%). In
each dwell time plot, the time spent bound to the enzyme by each of the four reactants (dwell
time) is represented by horizontal bars of color, with one color for each reactant: red for the
substrate; orange for P1; green for P2; and blue for the ligand. The enzyme is represented the same
as in the main text, except that all three squares are colored blue, and all the nodes are colored
white when not bound. Instead, the reactants are depicted with colored nodes, although without
any variation in shading. Thus, the substrate’s nodes are all the same color red, P2’s nodes are both
the same green, and the ligand’s nodes are the same blue. The final difference in representation is
that the substrate is not depicted with a delta node, even though it is split in the same place.

1.7 Pathway data

Tables 72 and 8 @ give the total counts for each pathway. Each total count is a sum of ten counts,

where each count is from the ten simulations performed at each of the twenty-four substrate
concentrations. Each simulation was run for 100 seconds. Thus, for each simulation (n) the
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simulation, and the species that bound to the enzyme during this time. On the left, the row for each species is labeled
(‘species bound’), where S is shown in red, P1 in orange, P2 in green and L in blue. When multiple species are bound the bars
of color overlap. For example, when S binds, close to 18.70 seconds, the red and blue bars overlap for a short section, during
which the displacement of ligand by substrate takes place (see section labeled {S, L}). There are three more overlapping
sections: {P1, P2}, where P1 and P2 are created just after cleavage; {P2, L}*, where short-lived spurious binding of L takes
place; and {P2, L}, during which L displaces P2. From the beginning to roughly 19.05 seconds, one cycle (cycle 1) is completed.
The beginning of cycle 1, where L first binds, takes place earlier in the simulation and is not shown. The end of cycle 1
overlaps with the beginning of cycle 2, where the overlap is the section where L displaces P2. The two cycles (cycle 1, grey;
cycle 2, black) are demarcated at the bottom with horizontal lines.

S displaces L cleavage & P1 dissoc.
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i i i 1, S binds
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complete) are demarcated. The six reactions are labeled by number for cycle 3. At the top the six cleavage events that take
place are demarcated. B. This is the full 100 second simulation from which Movie 22 and Movie 1 & were taken.
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turnover rate (v,,), with units of no. P2 released x s 1, is the count for that simulation (c,,) divided

by 100 seconds:
c
Uy = 1;0 (18)
A mean turnover rate (v) was calculated for the ten simulations run:
1 Qo
_ 19
U= ; Up, (19)
and a standard deviation (sd) of the mean:
10 ,
d= | — _ (20)
s 10 ; (U, —v)

Each point on the plots shows the mean turnover rate for that pathway and its standard deviation.

Table 9. kcat variation simulations.

K, -1 total idles fryS frnS frc fs fssd If 1fsd Iffrc ws pc pci

at S
1 422 2 4 1 0 7 3 0 0 0 0 401 4
10 689 21 4 0 2 4 5 0 2 0 1 647 3
100 798 206 4 1 1 4 4 1 0 0 0 574 3
1x10°3 1051 803 2 1 0 7 3 0 0 0 0 235 O
1x1074 1162 1118 0 0 0 9 0 0 0 0 0 35 0
1x10° 1164 1151 0 0 0 7 1 0 0 0 1 4 0
1x 108 1181 1170 0 0 0 7 4 0 0 0 0 0 0
1x 107 1124 1114 0 0 0 8 2 0 0 0 0 0 0
1 x 108 1097 1091 0 1 0 5 1 0 0 0 0 0 0

1x109 1109 1102 0 0 0 5 1 0 0 0 1 0 0

Table 10.klig variation simulations.

Ky g1 total idles fryS frnS frc fs fssd 1f Ifsd lffrc ws pc pci
18
1 700 22 4 3 0 5 4 0 0 0 1 655 6
10 689 21 4 0 2 4 5 0o 2 0 1 647 3
100 706 27 7 2 29 4 0 0 0 0 649 6
1x1073 548 24 2 2 0 5 3 0 1 0 0 499 12
1x107% 227 10 2 0 0 4 0 0 0 0 0 180 31
1x105 70 5 0 0 0 o0 0 0 0 0 0 22 43

1x108 18 4 0 0 0 0 0 0 0 0 0 1 13

1x1077 3 1 0 0 0 0 0 0 0 0 0 0 2
1x1078 0 0 0 0 0 0 0 0 0 0 0 0 0
1x1079 0 0 0 0 0 0 0 0 0 0 0 0 0
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1.8 Saturation

Saturation (SI Fig. 12(%) takes place at very high concentrations of substrate (e.g. > 200 uM), where
the rate at which substrate binds the enzyme surpasses the rate at which bound ligand dissociates
from its nodes. At peak saturation, the substrate binding site is occupied by three substrate
molecules, and the ligand binding site by one trivalently bound ligand ({S, S, S, L})(SI Fig. 12A(%).
The bound substrates cannot displace the ligand because the ligand controls the geometry, and
each substrate sterically blocks the other from binding divalently or trivalently. The saturation
state persists because if one substrate molecule dissociates, it will likely be replaced by another

before the ligand dissociates from one of its nodes and allows a bound substrate to bind divalently.

The peak saturation state forms during the displacement of P2 by ligand (SI Fig. 12B(%). During the
displacement process, unoccupied nodes at the substrate binding site are rapidly bound by
substrate. The first node to be occupied by substrate is a, which becomes available after P1
dissociates. The most likely second node to be occupied by substrate is ¢, which is a three-step

process involving ligand and the displacement of P2 by ligand.

To describe this process, the first thing to note is that spurious dissociates of P2 from c are much
more likely than b, because the node c reaction is much weaker than that of node b (k¢ = 680 s
vS. Kogep = 3 sh, During spurious dissociations of P2 from node c, ligand can bind trivalently by
capturing node f and the right degree of freedom, thereby inhibiting P2 from rebinding c (SI Fig.
12B (2, 4th state from top). In this state, where P2 is still bound at node b and ligand is bound
trivalently, substrate will likely bind at node ¢ before P2 dissociates from node b and is released
into solution, as the rate at which substrate binds at high [S] is much greater than the rate at which

P2 dissociates from b (ko = 4.5 x 10* s at [S] =5 mM’

Kon-s» at 5 mM [S], is calculated by multiplying the bimolecular rate constant, ky; = 9 x 108 M 1571,
by 5 mM

vS. Kofep = 3s7L). Upon substrate binding to node c, the precursor state of saturation is

reached, in which one P2, two substrates, and one ligand are bound to the enzyme ({P2, S, S,
L}(SI Fig. 12B @, 5th state from top). When P2 dissociates from node b, rapid substrate
bin&iﬁé"fa'ﬁa&é"b will complete formation of the peak saturation complex, in which three
substrates and one ligand molecule are bound ({S, S, S, L}). Peak saturation will dynamically

persist, as described above, until one substrate molecule manages to displace ligand.
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Fig. 12. Saturation.

A, Pathway to saturation. Beginning with the P2-bound state ({P2}), substrate, at high concentration, binds at node a,
followed by ligand. Trivalent ligand binding (abbreviated by ‘...") displaces P2, which exposes nodes a and b for substrate
binding, and finally, substrate saturation. B, Persistence of the saturation state. The saturation state persists because any
substrate that dissociates is likely replaced (left branch) before ligand dissociates from one of its nodes and opens up a
pathway for the displacement of ligand by substrate (right branch). Substrate replacement beats ligand dissociation because
at high [S], the binding rate surpasses the ligand dissociation by orders of magnitude. For example, at 5 mM [S], kq,.g = 450 x
10257, whereas kofs.q = 680 s™". The figure shows the saturation state decaying by dissociation of substrate at node a (the
second state from top; state {4, 5, 10} in basis form, see SIFngI'_’:’) but it can also decay by dissociation of substrate from
node c (state {3, 5, 10} in basis form).
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1.9 States of the system

{18}, {0}, {1}, {2}, {3}, {4}, {5}, {6}, {7}, {8}, {9}, {10}, {11}, {12}, {13}, {14}, {15}, {0, 13}, {0, 13, 14}, {0, 13, 14, 15}, {0, 13,
15}, {0, 14}, {0, 14, 15}, {0, 15}, {1, 4}, {1, 4, 11}, {1, 4, 11, 14}, {1, 4, 13}, {1, 4, 13, 14}, {1, 4, 13, 14, 15}, {1, 4, 13, 15}, {1, 4
14}, {1, 4, 14, 15}, {1, 4,15}, {1, 7}, {1, 7, 11}, {1, 7, 11, 14}, {1, 7, 13}, {1, 7, 13, 14}, {1, 7, 13, 14, 15}, {1, 7, 13, 15}, {1, 7, 14},
(1,7, 14, 15}, {1, 7, 15}, {1, 11}, {1, 11, 14}, {1, 13}, {1, 13, 14}, {1, 13, 14, 15}, {1, 13, 15}, {1, 14}, {1, 14, 15}, {1, 15}, {2, 3}, {2
3,12}, {2, 3, 12, 13}, {2, 3, 13}, {2, 3, 13, 14}, {2, 3, 13, 14, 15}, {2, 3, 13, 15}, {2, 3, 14}, {2, 3, 14, 15}, {2, 3, 15}, {2, 9}, {2, 9, 12},
(2,9, 12, 13}, {2, 9, 13}, {2, 9, 13, 14}, {2, 9, 13, 14, 15}, {2, 9, 13, 15}, {2, 9, 14}, {2, 9, 14, 15}, {2, 9, 15}, {2, 12}, {2, 12, 13}, {2
13}, {2, 13, 14}, {2, 13, 14, 15}, {2, 13, 15}, {2, 14}, {2, 14, 15}, {2, 15}, {3, 4}, {3, 4, 5}, {3, 4, 5, 10}, {3, 4, 5, 11}, {3, 4, 5, 11, 14}
(3.4, 5,12}, {3, 4,5, 12, 13}, {3, 4, 5, 13}, {3, 4, 5, 13, 14}, {3, 4, 5, 13, 14, 15}, {3, 4, 5, 13, 15}, {3, 4, 5, 14}, {3, 4, 5, 14, 15}, {3, 4
5,15}, {3, 4, 8}, {3, 4, 8, 10}, {3, 4, 8, 11}, {3, 4, 8, 11, 14}, {3, 4, 8, 12}, {3, 4, 8,12, 13}, {3, 4,8, 13}, {3, 4, 8, 13, 14}, {3, 4,8, 13
14, 15}, {3, 4, 8, 13, 15}, {3, 4, 8, 14}, {3, 4, 8, 14, 15}, {3, 4, 8, 15}, {3, 4, 10}, {3, 4, 11}, {3, 4, 11, 14}, {3, 4, 12}, {3, 4, 12,13}, {3
4,13}, {3, 4, 13, 14}, {3, 4, 13, 14, 15}, {3, 4, 13, 15}, {3, 4, 14}, {3, 4, 14, 15}, {3, 4, 15}, {3, 5}, {3, 5, 7}, {3, 5, 7, 10}, {3, 5, 7, 11},
(3,5, 7,11, 14}, {3, 5,7, 12}, {3, 5, 7, 12, 13}, {3, 5, 7, 13}, {3, 5, 7, 13, 14}, {3, 5, 7, 13, 14, 15}, {3, 5, 7, 13, 15}, {3, 5, 7, 14}, {3, 5
7,14, 15}, {3, 5, 7, 15}, {3, 5, 10}, {3, 5, 11}, {3, 5, 11, 14}, {3, 5, 12}, {3, 5, 12, 13}, {3, 5, 13}, {3, 5, 13, 14}, {3, 5, 13, 14, 15}, (3
5,13, 15}, {3, 5, 14}, {3, 5, 14, 15}, {3, 5, 15}, {3, 6}, {3, 6, 12}, {3, 6, 12, 13}, {3, 6, 13}, {3, 6, 13, 14}, {3, 6, 13, 14, 15}, {3, 6, 13,
15}, {3, 6, 14}, {3, 6, 14, 15}, {3, 6, 15}, {3, 7}, {3, 7, 8}, {3, 7, 8, 10}, {3, 7,8, 11}, {3, 7, 8, 11, 14}, {3, 7, 8, 12}, {3, 7, 8, 12, 13},
{3,7,8, 13}, {3, 7,8 13, 14}, {3, 7, 8, 13, 14, 15}, {3, 7, 8, 13, 15}, {3, 7, 8, 14}, {3, 7, 8, 14, 15}, {3, 7, 8, 15}, {3, 7, 10}, {3, 7, 11},
{3, 7,11, 14}, {3, 7, 12}, {3, 7, 12, 13}, {3, 7, 13}, {3, 7, 13, 14}, {3, 7, 13, 14, 15}, {3, 7, 13, 15}, {3, 7, 14}, {3, 7, 14, 15}, {3, 7, 15},
{3, 8}, {3, 8, 10}, {3, 8, 11}, {3, 8, 11, 14}, {3, 8, 12}, {3, 8, 12, 13}, {3, 8, 13}, {3, 8, 13, 14}, {3, 8, 13, 14, 15}, {3, 8, 13, 15}, {3, 8,
14}, {3, '8, 14, 15}, {3, 8, 15}, {3, 10}, {3, 11}, {3, 11, 14}, {3, 12}, {3, 12, 13}, {3, 13}, {3, 13, 14}, {3, 13, 14, 15}, {3, 13, 15}, {3,
14}, {3, 14, 15}, {3, 15}, {4, 5}, {4, 5, 9}, {4, 5,9, 10}, {4, 5,9, 11}, {4, 5,9, 11, 14}, {4, 5, 9, 12}, {4, 5, 9, 12, 13}, {4, 5, 9, 13}, {4
5,9, 13, 14}, {4, 5,9, 13, 14, 15}, {4, 5, 9, 13, 15}, {4, 5, 9, 14}, {4, 5, 9, 14, 15}, {4, 5, 9, 15}, {4, 5, 10}, {4, 5, 11}, {4, 5, 11, 14}, {4,
5,12}, {4, 5, 12, 13}, {4, 5, 13}, {4, 5, 13, 14}, {4, 5, 13, 14, 15}, {4, 5, 13, 15}, {4, 5, 14}, {4, 5, 14, 15}, {4, 5, 15}, {4, 8}, {4, 8, 9}
{4,8,0, 10}, {4, 8,9, 11}, {4, 8, 9, 11, 14}, {4, 8, 9, 12}, {4, 8, 9, 12, 13}, {4, 8, 0, 13}, {4, 8, 9, 13, 14}, {4, 8, 0, 13, 14, 15}, {4, 8, 9
13, 15}, {4, 8,9, 14}, {4, 8, 9, 14, 15}, {4, 8, 9, 15}, {4, 8, 10}, {4, 8, 11}, {4, 8, 11, 14}, {4, 8, 12}, {4, 8, 12, 13}, {4, 8, 13}, {4, 8,13
14}, {4, 8, 13, 14, 15}, {4, 8, 13, 15}, {4, 8, 14}, {4, 8, 14, 15}, {4, 8, 15}, {4, 9}, {4, 9, 10}, {4, 9, 11}, {4, 9, 11, 14}, {4, 9, 12}, {4, 9
12, 13}, {4, 9, 13}, {4, 9, 13, 14}, {4, 9, 13, 14, 15}, {4, 9, 13, 15}, {4, 9, 14}, {4, 9, 14, 15}, {4, 9, 15}, {4, 10}, {4, 11}, {4, 11, 14}, {4,
12}, {4, 12, 13}, {4, 13}, {4, 13, 14}, {4, 13, 14, 15}, {4, 13, 15}, {4, 14}, {4, 14, 15}, {4, 15}, {5, 7}, {5, 7, 9}, {5, 7. 9, 10}, {5, 7, 9
11}, {5, 7,9, 11, 14}, {5, 7, 9, 12}, {5, 7, 9, 12, 13}, {5, 7, 9, 13}, {5, 7, 9, 13, 14}, {5, 7, 9, 13, 14, 15}, {5, 7, 9, 13, 15}, {5, 7, 9, 14},
{5,7,9,14, 15}, {5, 7,9, 15}, {5, 7, 10}, {5, 7, 11}, {5, 7, 11, 14}, {5, 7, 12}, {5, 7, 12, 13}, {5, 7, 13}, {5, 7, 13, 14}, {5, 7, 13, 14,
15}, {5, 7,13, 15}, {5, 7, 14}, {5, 7, 14, 15}, {5, 7, 15}, {5, 9}, {5, 9, 10}, {5, 9, 11}, {5, 9, 11, 14}, {5, 9, 12}, {5, 9, 12, 13}, {5, 9
13}, {5, 9, 13, 14}, {5, 9, 13, 14, 15}, {5, 9, 13, 15}, {5, 9, 14}, {5, 9, 14, 15}, {5, 9, 15}, {5, 10}, {5, 11}, {5, 11, 14}, {5, 12}, {5, 12
13}, {5, 13}, {5, 13, 14}, {5, 13, 14, 15}, {5, 13, 15}, {5, 14}, {5, 14, 15}, {5, 15}, {6, 9}, {6, 9, 12}, {6, 9, 12, 13}, {6, 9, 13}, {6, 9, 13
14}, {6, 9, 13, 14, 15}, {6, 9, 13, 15}, {6, 9, 14}, {6, 9, 14, 15}, {6, 9, 15}, {6, 12}, {6, 12, 13}, {6, 13}, {6, 13, 14}, {6, 13, 14, 15}, {6,
13, 15}, {6, 14}, {6, 14, 15}, {6, 15}, {7, 8}, {7, 8, 9}, {7, 8, 9, 10}, {7, &, 9, 11}, {7, 8, 9, 11, 14}, {7, 8,9, 12}, {7, 8,9, 12, 13}, {7, 8
9,13}, {7, 8, 9, 13, 14}, {7, 8, 9, 13, 14, 15}, {7, 8, 9, 13, 15}, {7, 8, 9, 14}, {7, 8, 9, 14, 15}, {7, 8, 9, 15}, {7, 8, 10}, {7, 8, 11}, {7, 8,
11,14}, {7, 8, 12}, {7, 8, 12, 13}, {7, 8, 13}, {7, 8, 13, 14}, {7, 8, 13, 14, 15}, {7, 8, 13, 15}, {7, 8, 14}, {7, 8, 14, 15}, {7, 8, 15}, {7,
9}, {7, 9, 10}, {7, 9, 11}, {7, 9, 11, 14}, {7, 9, 12}, {7, 9, 12, 13}, {7, 9, 13}, {7, 9, 13, 14}, {7, 9, 13, 14, 15}, {7, 9, 13, 15}, {7, 9, 14},
{79, 14, 15}, {7, 9, 15}, {7, 10}, {7, 11}, {7, 11, 14}, {7, 12}, {7, 12, 13}, {7, 13}, {7, 13, 14}, {7, 13, 14, 15}, {7, 13, 15}, {7, 14}, {7
14, 15}, {7, 15}, {8, 9}, {8, 9, 10}, {8, 9, 11}, {8, 9, 11, 14}, {8, 9, 12}, {8, 9, 12, 13}, {8, 9, 13}, {8, 9, 13, 14}, {8, 9, 13, 14, 15}, {8
9,13, 15}, {8, 9, 14}, {8, 9, 14, 15}, {8, 9, 15}, {8, 10}, {8, 11}, {8, 11, 14}, {8, 12}, {8, 12, 13}, {8, 13}, {8, 13, 14}, {8, 13, 14, 15},
{8, 13, 15}, {8, 14}, {8, 14, 15}, {8, 15}, {9, 10}, {9, 11}, {9, 11, 14}, {9, 12}, {9, 12, 13}, {9, 13}, {9, 13, 14}, {9, 13, 14, 15}, {9, 13,
15}, {9, 14}, {9, 14, 15}, {9, 15}, {11, 14}, {12, 13}, {13, 14}, {13, 14, 15}, {13, 15}, {14, 15}
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1.10 Possible transitions out of each state

{18} — {3}, {4}, {5}. {7}, {8}, {9}, {13}, {14}, {15}
{0} — {1}, {2}, {0, 13}, {0, 14}, {0, 15}, {6, 9}

{1} — {0}, {3}, {5}, {1, 4}, {1, 7}, {1, 13}, {1, 14}, {1, 15}

{2} — {0}, {4}, {5}, {2, 3}, {2, 9}, {2, 13}, {2, 14}, {2, 15}

{3} — {1}, {18}, {3, 4}, {3, 5}, {3, 7}, {3, 8}, {3, 13}, {3, 14}, {3, 15}

{4} > {2}, {18}, {3, 4}, {4, 5}, {4, 8}, {4, 9}, {4, 13}, {4, 14}, {4, 15}

{5} — {1}, {2}, {18}, {8, 5}, {4, 5}, {5, 7}, {5, 9}, {5, 13}, {5, 14}, {5, 15}

{6} — {7}, {8}, {3, 6}, {6, 9}, {6, 13}, {6, 14}, {6, 15}

{7} — {6}, {18}, {3, 7}, {5, 7}, {7, 8}, {7, 9}, {7, 13}, {7, 14}, {7, 15}

{8} — {6}, {18}, {3, 8}, {4, 8}, {7, 8}, {8, 9}, {8, 13}, {8, 14}, {8, 15}

{9} — {18}, {4, 9}, {5, 9}, {7, 9}, {8, 9}, {9, 13}, {9, 14}, {9, 15}

{10} — {11}, {12}, {3, 10}, {4, 10}, {5, 10}, {7, 10}, {8, 10}, {9, 10}

{11} — {10}, {13}, {15}, {3, 11}, {4, 11}, {5, 11}, {7, 11}, {8, 11}, {9, 11}, {11, 14}

{12} — {10}, {14}, {15}, {3, 12}, {4, 12}, {5, 12}, {7, 12}, {8, 12}, {9, 12}, {12, 13}

{13} — {11}, {18}, {3, 13}, {4, 13}, {5, 13}, {7, 13}, {8, 13}, {9, 13}, {13, 14}, {13, 15}

{14} — {12}, {18}, {3, 14}, {4, 14}, {5, 14}, {7, 14}, {8, 14}, {9, 14}, {13, 14}, {14, 15}

{15} — {11}, {12}, {18}, {3, 15}, {4, 15}, {5, 15}, {7, 15}, {8, 15}, {9, 15}, {13, 15}, {14, 15}
{0, 13} — {1, 13}, {2, 13}, {0}, {0, 13, 14}, {0, 13, 15}, {6, 9, 13

{0, 13, 14} — {1, 13, 14}, {2, 13, 14}, {0, 14}, {0, 13}, {0, 13, 14, 15}, {6, 9, 13, 14}

{0, 13, 14, 15} — {1, 13, 14, 15}, {2, 13, 14, 15}, {0, 14, 15}, {0, 13, 15}, {0, 13, 14}, {6, 9, 13, 14, 15}
{0, 13, 15} — {1, 13, 15}, {2, 13, 15}, {0, 15}, {0, 13}, {0, 13, 14, 15}, {6, 9, 13, 15}

{0, 14} — {1, 14}, {2, 14}, {0}, {0, 13, 14}, {0, 14, 15}, {6, 9, 14}

{0, 14, 15} — {1, 14, 15}, {2, 14, 15}, {0, 15}, {0, 14}, {0, 13, 14, 15}, {6, 9, 14, 15}

{0, 15} — {1, 15}, {2, 15}, {0}, {0, 13, 15}, {0, 14, 15}, {6, 9, 15}

{1, 4} — {3, 4}, {4, 5}, {1}, {1, 4, 13}, {1, 4, 14}, {1, 4, 15}

{1,4, 11} — {3, 4, 11}, {4, 5, 11}, {1, 11}, {1, 4, 13}, {1, 4, 15}, {1, 4, 11, 14}

{1, 4,11, 14} — {3, 4, 11, 14}, {4, 5, 11, 14}, {1, 11, 14}, {1, 4, 13, 14}, {1, 4, 14, 15}, {1, 4, 11}

{1, 4,13} — {3, 4, 13}, {4, 5, 13}, {1, 13}, {1, 4, 11}, {1, 4}, {1, 4, 13, 14}, {1, 4, 13, 15}

{1, 4, 13, 14} — {3, 4, 13, 14}, {4, 5, 13, 14}, {1, 13, 14}, {1, 4, 11, 14}, {1, 4, 14}, {1, 4, 13}, {1, 4, 13, 14, 15}
{1, 4,13, 14, 15} — {3, 4, 13, 14, 15}, {4, 5, 13, 14, 15}, {1, 13, 14, 15}, {1, 4, 14, 15}, {1, 4, 13, 15}, {1, 4, 13, 14}
{1, 4, 13, 15} — {3, 4, 13, 15}, {4, 5, 13, 15}, {1, 13, 15}, {1, 4, 15}, {1, 4, 13}, {1, 4, 13, 14, 15}

{1, 4, 14} — {3, 4, 14}, {4, 5, 14}, {1, 14}, {1, 4}, {1, 4, 13, 14}, {1, 4, 14, 15}

{1, 4, 14, 15} — {3, 4, 14, 15}, {4, 5, 14, 15}, {1, 14, 15}, {1, 4, 15}, {1, 4, 11, 14}, {1, 4, 14}, {1, 4, 13, 14, 15}
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{1, 4, 15} — {3, 4, 15}, {4, 5, 15}, {1, 15}, {1, 4, 11}, {1, 4}, {1, 4, 18, 15}, {1, 4, 14, 15}
{1, 7} — {3, 7}, {5, 7}, {1}, {1, 7, 13}, {1, 7, 14}, {1, 7, 15}
{1, 7,11} — {3, 7, 11}, {5, 7, 11}, {1, 11}, {1, 7, 13}, {1, 7, 15}, {1, 7, 11, 14}

{1, 7,11, 14} — {3, 7, 11, 14}, {5, 7, 11, 14}, {1, 11, 14}, {1, 7, 13, 14}, {1, 7, 14, 15}, {1, 7, 11}

{1, 7,13} — {3, 7, 13}, {5, 7, 13}, {1, 13}, {1, 7, 11}, {1, 7}, {1, 7, 13, 14}, {1, 7, 13, 15}

{1, 7,13, 14} — {3, 7, 13, 14}, {5, 7, 13, 14}, {1, 13, 14}, {1, 7, 11, 14}, {1, 7, 14}, {1, 7, 13}, {1, 7, 13, 14, 15}
{1, 7,13, 14, 15} — {3, 7, 13, 14, 15}, {5, 7, 13, 14, 15}, {1, 13, 14, 15}, {1, 7, 14, 15}, {1, 7, 13, 15}, {1, 7, 13, 14}
{1, 7,13, 15} — {3, 7, 13, 15}, {5, 7, 13, 15}, {1, 13, 15}, {1, 7, 15}, {1, 7, 13}, {1, 7, 13, 14, 15}

{1, 7, 14} — {3, 7, 14}, {5, 7, 14}, {1, 14}, {1, 7}, {1, 7, 13, 14}, {1, 7, 14, 15}

{1, 7, 14, 15} — {3, 7, 14, 15}, {5, 7, 14, 15}, {1, 14, 15}, {1, 7, 15}, {1, 7, 11, 14}, {1, 7, 14}, {1, 7, 13, 14, 15}
{1, 7, 15} — {3, 7, 15}, {5, 7, 15}, {1, 15}, {1, 7, 11}, {1, 7}, {1, 7, 13, 15}, {1, 7, 14, 15}

{1, 11} — {3, 11}, {5, 11}, {1, 13}, {1, 15}, {1, 4, 11}, {1, 7, 11}, {1, 11, 14}

{1, 11, 14} — {3, 11, 14}, {5, 11, 14}, {1, 13, 14}, {1, 14, 15}, {1, 11}, {1, 4, 11, 14}, {1, 7, 11, 14}

{1, 13} — {0, 13}, {3, 13}, {5, 13}, {1, 11}, {1}, {1, 4, 13}, {1, 7, 13}, {1, 13, 14}, {1, 13, 15}

{1, 13, 14} — {0, 13, 14}, {3, 13, 14}, {5, 13, 14}, {1, 11, 14}, {1, 14}, {1, 13}, {1, 4, 13, 14}, {1, 7, 13, 14}, {1, 13, 14, 15}

{1, 13, 14, 15} — {0, 13, 14, 15}, {3, 13, 14, 15}, {5, 13, 14, 15}, {1, 14, 15}, {1, 13, 15}, {1, 13, 14}, {1, 4, 13, 14, 15}, {1, 7, 13, 14,

{1, 13, 15} — {0, 13, 15}, {3, 13, 15}, {5, 13, 15}, {1, 15}, {1, 13}, {1, 4, 13, 15}, {1, 7, 13, 15}, {1, 13, 14, 15}

{1, 14} — {0, 14}, {3, 14}, {5, 14}, {1}, {1, 4, 14}, {1, 7, 14}, {1, 13, 14}, {1, 14, 15}

{1, 14, 15} — {0, 14, 15}, {3, 14, 15}, {5, 14, 15}, {1, 15}, {1, 11, 14}, {1, 14}, {1, 4, 14, 15}, {1, 7, 14, 15}, {1, 13, 14, 15}
{1, 15} — {0, 15}, {3, 15}, {5, 15}, {1, 11}, {1}, {1, 4, 15}, {1, 7, 15}, {1, 13, 15}, {1, 14, 15}

{2, 3} — {3, 4}, {3, 5}, {2}, {2, 3, 13}, {2, 3, 14}, {2, 3, 15}

{2, 3, 12} — {3, 4, 12}, {3, 5, 12}, {2, 12}, {2, 3, 14}, {2, 3, 15}, {2, 3, 12, 13}
{2, 3, 12, 13} — {3, 4, 12, 13}, {3, 5, 12, 13}, {2, 12, 13}, {2, 3, 13, 14}, {2, 3, 13, 15}, {2, 3, 12}
{2, 3, 13} — {3, 4, 13}, {3, 5, 13}, {2, 13}, {2, 3}, {2, 3, 13, 14}, {2, 3, 13, 15}
{2, 3, 13, 14} — {3, 4, 13, 14}, {3, 5, 13, 14}, {2, 13, 14}, {2, 3, 14}, {2, 3, 12, 13}, {2, 3, 13}, {2, 3, 13, 14, 15}
{2, 3, 13, 14, 15} — {3, 4, 13, 14, 15}, {3, 5, 13, 14, 15}, {2, 13, 14, 15}, {2, 3, 14, 15}, {2, 3, 13, 15}, {2, 3, 13, 14}
{2, 3, 13, 15} — {3, 4, 13, 15}, {3, 5, 13, 15}, {2, 13, 15}, {2, 3, 15}, {2, 3, 12, 13}, {2, 3, 13}, {2, 3, 13, 14, 15}
{2, 3, 14} — {3, 4, 14}, {3, 5, 14}, {2, 14}, {2, 3, 12}, {2, 3}, {2, 3, 13, 14}, {2, 3, 14, 15}
{2, 3, 14, 15} — {3, 4, 14, 15}, {3, 5, 14, 15}, {2, 14, 15}, {2, 3, 15}, {2, 3, 14}, {2, 3, 13, 14, 15}
{2, 3, 15} — {3, 4, 15}, {3, 5, 15}, {2, 15}, {2, 3, 12}, {2, 3}, {2, 3, 13, 15}, {2, 3, 14, 15}
{2,9) — {4, 9}, {5, 9}, {2}, {2,9, 13}, {2, 9, 14}, {2, 9, 15}
{2, 9,12} — {4, 9, 12}, {5, 9, 12}, {2, 12}, {2, 9, 14}, {2, 9, 15}, {2, 9, 12, 13}
{2, 9,12, 13} — {4, 9, 12, 13}, {5, 9, 12, 13}, {2, 12, 13}, {2, 9, 13, 14}, {2, 9, 13, 15}, {2, 9, 12}
{2,9, 13} — {4, 9,13}, {5, 9, 13}, {2, 13}, {2, 9}, {2, 9, 13, 14}, {2, 9, 13, 15}
{2, 9, 13, 14} — {4, 9, 13, 14}, {5, 9, 13, 14}, {2, 13, 14}, {2, 9, 14}, {2, 9, 12, 13}, {2, 9, 13}, {2, 9, 13, 14, 15}
{2, 9, 13, 14, 15} — {4, 9, 13, 14, 15}, {5, 9, 13, 14, 15}, {2, 13, 14, 15}, {2, 9, 14, 15}, {2, 9, 13, 15}, {2, 9, 13, 14}
{2, 9, 13, 15} — {4, 9, 13, 15}, {5, 9, 13, 15}, {2, 13, 15}, {2, 9, 15}, {2, 9, 12, 13}, {2, 9, 13}, {2, 9, 13, 14, 15}
{2,9, 14} — {4, 9, 14}, {5, 9, 14}, {2, 14}, {2, 9, 12}, {2, 9}, {2, 9, 13, 14}, {2, 9, 14, 15}
{2, 9, 14, 15} — {4, 9, 14, 15}, {5, 9, 14, 15}, {2, 14, 15}, {2, 9, 15}, {2, 9, 14}, {2, 9, 13, 14, 15}
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15} — {4, 9, 15}, {5, 9, 15}, {2, 15}, {2, 9, 12}, {2, 9}, {2, 9, 13, 15}, {2, 9, 14, 15}

{2, 12} — {4, 12}, {5, 12}, {2, 14}, {2, 15}, {2, 3, 12}, {2, 9, 12}, {2, 12, 13}

{2, 12, 13} — {4, 12, 13}, {5, 12, 13}, {2, 13, 14}, {2, 13, 15}, {2, 12}, {2, 3, 12, 13}, {2, 9, 12, 13}

{2. 13} — {0, 13}, {4, 13}, {5, 13}, {2}, {2, 3, 13}, {2, 9, 13}, {2, 13, 14}, {2, 13, 15}

{2, 13, 14} — {0, 13, 14}, {4, 13, 14}, {5, 13, 14}, {2, 14}, {2, 12, 13}, {2, 13}, {2, 3, 13, 14}, {2, 9, 13, 14}, {2, 13, 14, 15}

{2, 13, 14, 15} — {0, 13, 14, 15}, {4, 13, 14, 15}, {5, 13, 14, 15}, {2, 14, 15}, {2, 13, 15}, {2, 13, 14}, {2, 3, 13, 14, 15}, {2, 9, 13, 14,

{2, 13, 15} — {0, 13, 15}, {4, 13, 15}, {5, 13, 15}, {2, 15}, {2, 12, 13}, {2, 13}, {2, 3, 13, 15}, {2, 9, 13, 15}, {2, 13, 14, 15}
{2, 14} — {0, 14}, {4, 14}, {5, 14}, {2, 12}, {2}, {2, 3, 14}, {2, 9, 14}, {2, 13, 14}, {2, 14, 15}

{2, 14, 15} — {0, 14, 15}, {4, 14, 15}, {5, 14, 15}, {2, 15}, {2, 14}, {2, 3, 14, 15}, {2, 9, 14, 15}, {2, 13, 14, 15}

{2, 15} — {0, 15}, {4, 15}, {5, 15}, {2, 12}, {2}, {2, 3, 15}, {2, 9, 15}, {2, 13, 15}, {2, 14, 15}

3,4} — {1, 4}, {4}, {2, 3}, {3}, {3, 4,5}, {3, 4, 8}, {3, 4, 13}, {3, 4, 14}, {3, 4, 15}

(3,4, 5} — {4, 5}, {3, 5}, {3, 4}, {3. 4, 5, 13}, {3, 4, 5, 14}, {3, 4, 5, 15}

{3, 4,5, 10} — {4, 5, 10}, {3, 5, 10}, {3, 4, 10}, {3, 4, 5, 11}, {3, 4, 5, 12}

{3,4,5, 11} — {4, 5, 11}, {3, 5, 11}, {3, 4, 11}, {3, 4, 5, 10}, {3, 4, 5, 13}, {3, 4, 5, 15}, {3, 4, 5, 11, 14}

{3, 4,5, 11, 14} — {4, 5, 11, 14}, {3, 5, 11, 14}, {3, 4, 11, 14}, {3, 4, 5, 13, 14}, {3, 4, 5, 14, 15}, {3, 4, 5, 11}
{3, 4,5, 12} — {4, 5,12}, {3, 5, 12}, {3, 4, 12}, {3, 4, 5, 10}, {3, 4, 5, 14}, {3, 4, 5, 15}, {3, 4, 5, 12, 13}

{3, 4, 5, 12, 13} — {4, 5, 12, 13}, {3, 5, 12, 13}, {3, 4, 12, 13}, {3, 4, 5, 13, 14}, {3, 4, 5, 13, 15}, {3, 4, 5, 12}
{3,4,5,13} — {4, 5, 13}, {3, 5, 13}, {3, 4, 13}, {3, 4, 5, 11}, {3, 4, 5}, {3, 4, 5, 13, 14}, {3, 4, 5, 13, 15}

{3, 4, 5,13, 14} — {4, 5, 13, 14}, {3, 5, 13, 14}, {3, 4, 13, 14}, {3, 4, 5, 11, 14}, {3, 4, 5, 14}, {3, 4, 5, 12, 13}, {3, 4, 5, 13}, {3, 4, 5,

{3, 4, 5, 13, 14, 15} — {4, 5, 13, 14, 15}, {3, 5, 13, 14, 15}, {3, 4, 13, 14, 15}, {3, 4, 5, 14, 15}, {3, 4, 5, 13, 15}, {3, 4, 5, 13, 14}
{3, 4, 5, 13, 15} — {4, 5, 13, 15}, {3, 5, 13, 15}, {3, 4, 13, 15}, {3, 4, 5, 15}, {3, 4, 5, 12, 13}, {3, 4, 5, 13}, {3, 4, 5, 13, 14, 15}
{3, 4,5, 14} — {4, 5, 14}, {3, 5, 14}, {3, 4, 14}, {3, 4, 5, 12}, {3, 4, 5}, {3, 4, 5, 13, 14}, {3, 4, 5, 14, 15}

{3,4, 5, 14, 15} — {4, 5, 14, 15}, {3, 5, 14, 15}, {3, 4, 14, 15}, {3, 4, 5, 15}, {3, 4, 5, 11, 14}, {3, 4, 5, 14}, {3, 4, 5, 13, 14, 15}
{3, 4,5, 15} — {4, 5, 15}, {3, 5, 15}, {3, 4, 15}, {3, 4, 5, 11}, {3, 4, 5, 12}, {3, 4, 5}, {3, 4, 5, 13, 15}, {3, 4, 5, 14, 15}

{3,4,8} — {4, 8}, (3,8}, (3.4}, (3.4, 8 13}, {3, 4,8, 14}, {3, 4, 8, 15}

{3.4,8,10} — {4, 8,10}, {3, 8, 10}, {3, 4, 10}, {3, 4, 8, 11}, {3, 4, 8, 12}

{3,4,8, 11} — {4, 8, 11}, {3, 8, 11}, {3, 4, 11}, {3, 4, 8, 10}, {3, 4, 8, 13}, {3, 4, 8, 15}, {3, 4,8, 11, 14}

{3, 4, 8, 11, 14} — {4, 8, 11, 14}, {3, 8, 11, 14}, {3, 4, 11, 14}, {3, 4, 8, 13, 14}, {3, 4, 8, 14, 15}, {3, 4, 8, 11}

{3.4.8, 12} — {4, 8,12}, {3, 8, 12}, {3, 4, 12}, {3, 4, 8, 10}, {3, 4, 8, 14}, {3, 4, 8, 15}, {3, 4, 8, 12, 13}

{3, 4, 8,12, 13} — {4, 8, 12, 13}, {3, 8, 12, 13}, {3, 4, 12, 13}, {3, 4, 8, 13, 14}, {3, 4, 8, 13, 15}, {3, 4, 8, 12}

{3,4,8,13) — {4, 8,13}, {3, 8, 13}, {3, 4, 13}, {3, 4, 8, 11}, {3, 4, 8}, {3, 4, 8, 13, 14}, {3, 4, 8, 13, 15}

(3,4, 8,13, 14} — {4, 8, 13, 14}, {3, 8, 13, 14}, {3, 4, 13, 14}, {3, 4, 8, 11, 14}, {3, 4, 8, 14}, {3, 4, 8, 12, 13}, {3, 4, 8, 13}, {3, 4, 8,
13, 14, 15

3,4, 8,13, 14, 15} — {4, 8, 13, 14, 15}, {3, 8, 13, 14, 15}, {3, 4, 13, 14, 15}, {3, 4, 8, 14, 15}, {3, 4, 8, 13, 15}, {3, 4, 8, 13, 14}
{3,4,8,13, 15} — {4, 8, 13, 15}, {3, 8, 13, 15}, {3, 4, 13, 15}, {3, 4, 8, 15}, {3, 4, 8, 12, 13}, {3, 4, 8, 13}, {3, 4, 8, 13, 14, 15}
{3, 4, 8, 14} — {4, 8, 14}, {3, 8, 14}, {3, 4, 14}, {3, 4, 8, 12}, {3, 4, 8}, {3, 4, 8, 13, 14}, {3, 4, 8, 14, 15}

{3, 4,8, 14, 15} — {4, 8, 14, 15}, {3, 8, 14, 15}, {3, 4, 14, 15}, {3, 4, 8, 15}, {3, 4, 8, 11, 14}, {3, 4, 8, 14}, {3, 4, 8, 13, 14, 15}
{3,4,8,15) — {4, 8,15}, {3, 8, 15}, {3, 4, 15}, {3, 4, 8, 11}, {3, 4, 8, 12}, {3, 4, 8}, {3, 4, 8, 13, 15}, {3, 4, 8, 14, 15}

{3, 4, 10} = {4, 10}, {3, 10}, {3, 4, 11}, {3, 4, 12}, {3, 4, 5, 10}, {3, 4, 8, 10}
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{3,4, 11} = {1, 4, 11}, {4, 11}, {3, 11}, {3, 4, 10}, {3, 4, 13}, {3, 4, 15}, {3, 4, 5, 11}, {3, 4, 8, 11}, {3, 4, 11, 14}
{3,4, 11, 14} — {1, 4, 11, 14}, {4, 11, 14}, {3, 11, 14}, {3, 4, 13, 14}, {3, 4, 14, 15}, {3, 4, 11}, {3, 4, 5, 11, 14}, {3, 4, 8, 11, 14}
{3, 4,12} — {4, 12}, {2, 3, 12}, {3, 12}, {3, 4, 10}, {3, 4, 14}, {3, 4, 15}, {3, 4, 5, 12}, {3, 4, 8, 12}, {3, 4, 12, 13}
{3, 4, 12, 13} — {4, 12, 13}, {2, 3, 12, 13}, {3, 4, 13, 14}, {3, 4, 13, 15}, {3, 4, 12}, {3, 4, 5, 12, 13}, {3, 4, 8, 12, 13}
{3,4, 13} — {1, 4, 13}, {4, 13}, 13}, {3, 4, 11}, {3, 4}, {3, 4, 5, 13}, {3, 4, 8, 13}, {3, 4, 13, 14}, {3, 4, 13, 15}

4

(13,14} — {1, 4,13, 14}, {4, 13, 14}, {2, 3, 13, 14}, {3, 13, 14}, {3, 4, 11, 14}, {3, 4, 14}, {3, 4, 12, 13}, {3, 4, 13}, {3, 4, 5, 13,
14}, {3, 4, 8, 13, 14}, {3, 4, 13, 14, 15}
{3, 4,13, 14, 15} — {1, 4, 13, 14, 15}, {4, 13, 14, 15}, {2, 3, 13, 14, 15}, {3, 13, 14, 15}, {3, 4, 14, 15}, {3, 4, 13, 15}, {3, 4, 13, 14}, {3,
4,5, 13, 14, 15}, {3, 4, 8, 13, 14, 15}
{3, 4, 13, 15} — {1, 4, 13, 15}, {4, 13, 15}, {2, 3, 13, 15}, {3, 13, 15}, {3, 4, 15}, {3, 4, 12, 13}, {3, 4, 13}, {3, 4, 5, 13, 15}, {3, 4, 8,
13, 15}, {3, 4, 13, 14, 15}
{3, 4,14} — {1, 4, 14}, {4, 14}, {2, 3, 14}, {3, 14}, {3, 4, 12}, {3, 4}, {3, 4, 5, 14}, {3, 4, 8, 14}, {3, 4, 13, 14}, {3, 4, 14, 15}
{3, 4, 14, 15} — {1, 4, 14, 15}, {4, 14, 15}, {2, 3, 14, 15}, {3, 14, 15}, {3, 4, 15}, {3, 4, 11, 14}, {3, 4, 14}, {3, 4, 5, 14, 15}, {3, 4, 8,
14, 15}, {3, 4, 13, 14, 15}
{3.4,15} — {1, 4, 15}, {4, 15}, {2, 3, 15}, {3, 15}, {3, 4, 11}, {3, 4, 12}, {3, 4}, {3, 4, 5, 15}, {3, 4, 8, 15}, {3, 4, 13, 15}, {3, 4, 14, 15}
3,5} = {5}, {2, 3}, {3}, {3, 4, 5}, {3, 5, 7}, {3, 5, 13}, {3, 5, 14}, {3, 5, 15}
(3,5, 7} — {5, 7}, {3, 7}, {3, 5}, {3.5, 7, 13}, {3, 5, 7, 14}, {3, 5, 7, 15}
{3, 5,7, 10} — {5, 7, 10}, {3, 7, 10}, {3, 5, 10}, {3, 5, 7, 11}, {3, 5, 7, 12}

7,11} — {5, 7, 11}, {3, 7, 11}, {3, 5, 11}, {3, 5, 7, 10}, {3, 5, 7, 13}, {3, 5, 7, 15}, {3, 5, 7, 11, 14}

7,11, 14} — {5, 7, 11, 14}, {3, 7, 11, 14}, {3, 5, 11, 14}, {3, 5, 7, 13, 14}, {3, 5, 7, 14, 15}, {3, 5, 7, 11}
(3,5,7, 12} — {5, 7, 12}, {3, 7, 12}, {3, 5, 12}, {3, 5, 7, 10}, {3, 5, 7, 14}, {3, 5, 7, 15}, {3, 5, 7, 12, 13}

7,12, 13} — {5, 7, 12, 13}, {3, 7, 12, 13}, {3, 5, 12, 13}, {3, 5, 7, 13, 14}, {3, 5, 7, 13, 15}, {3, 5, 7, 12}

7,13} — {5, 7, 13}, {3, 7, 13}, {3, 5, 13}, {3, 5, 7, 11}, {3, 5, 7}, {3, 5, 7, 13, 14}, {3, 5, 7, 13, 15}
{3, 5.7, 13, 14} — {5, 7, 13, 14}, {3, 7, 13, 14}, {3, 5. 13, 14}, {3, 5, 7, 11, 14}, {3, 5, 7. 14}, {3, 5, 7, 12, 13}, {3, 5, 7, 13}, {3, 5, 7,
13, 14, 15}
7,18, 14, 15} — {5, 7, 13, 14, 15}, {3, 7, 13, 14, 15}, {3, 5, 13, 14, 15}, {3, 5, 7, 14, 15}, {3, 5, 7, 13, 15}, {3, 5, 7, 13, 14}
7,13, 16} — {5, 7, 13, 15}, {3, 7, 13, 15}, {3, 5, 13, 15}, {3, 5, 7, 15}, {3, 5, 7, 12, 13}, {3, 5, 7, 13}, {3, 5, 7, 13, 14, 15}
7,14} — {5, 7, 14}, {3, 7, 14}, {3, 5, 14}, {3, 5, 7, 12}, {3, 5, 7}, {3, 5, 7, 13, 14}, {3, 5, 7, 14, 15}
7,14, 15} — {5, 7, 14, 15}, {3, 7, 14, 15}, {3, 5, 14, 15}, {3, 5, 7, 15}, {3, 5, 7, 11, 14}, {3, 5, 7, 14}, {3, 5, 7, 13, 14, 15}
7,15} — {5, 7, 15}, {3, 7, 15}, {3, 5, 15}, {3, 5, 7, 11}, {3, 5, 7. 12}, {3, 5, 7}, {3, 5, 7, 13, 15}, {3, 5, 7, 14, 15}
.10} — {5, 10}, {3, 10}, {3, 5, 11}, {3, 5, 12}, {3, 4, 5, 10}, {3, 5, 7, 10}
.11} — {5, 11}, {3, 11}, {3, 5, 10}, {3, 5, 13}, {3, 5, 15}, {3, 4, 5, 11}, {3, 5, 7, 11}, {3, 5, 11, 14}
L 11, 14} — {5, 11, 14}, {3, 11, 14}, {3, 5, 13, 14}, {3, 5, 14, 15}, {3, 5, 11}, {3, 4, 5, 11, 14}, {3, 5, 7, 11, 14}
12} — {5, 12}, {2, 3, 12}, {3, 12}, {3, 5, 10}, {3, 5, 14}, {3, 5, 15}, {3, 4, 5, 12}, {3, 5, 7, 12}, {3, 5, 12, 13}
{3, 5,12, 13} — {5, 12, 13}, {2, 3, 12, 13}, {3, 12, 13}, {3, 5, 13, 14}, {3, 5, 13, 15}, {3, 5, 12}, {3, 4, 5, 12, 13}, {3, 5, 7, 12, 13}
{3, 5, 13} — {5, 13}, {2, 3, 13}, {3, 13}, {3, 5, 11}, {3, 5}, {3, 4. 5, 13}, {3, 5, 7, 13}, {3, 5, 13, 14}, {3, 5, 13, 15}
{3, 5,13, 14} — {5, 13, 14}, {2, 3, 13, 14}, {3, 13, 14}, {3, 5, 11, 14}, {3, 5, 14}, {3, 5, 12, 13}, {3, 5, 13}, {3, 4, 5, 13, 14}, {3, 5, 7,
13, 14}, {3, 5, 13, 14, 15}
{3, 5, 13, 14, 15} — {5, 13, 14, 15}, {2, 3, 13, 14, 15}, {3, 13, 14, 15}, {3, 5, 14, 15}, {3, 5, 13, 15}, {3, 5, 13, 14}, {3, 4, 5, 13, 14, 15},
{3, 5,7, 13, 14, 15}
{3, 5,13, 15} — {5, 13, 15}, {2, 3, 13, 15}, {3, 13, 15}, {3, 5, 15}, {3, 5, 12, 13}, {3, 5, 13}, {3, 4, 5, 13, 15}, {3, 5, 7, 13, 15}, {3, 5,
13, 14, 15}
(3,5, 14} — {5, 14}, {2, 3, 14}, {3, 14}, {3, 5, 12}, {3, 5}, {3, 4, 5, 14}, {3, 5, 7, 14}, {3, 5, 13, 14}, {3, 5, 14, 15}
{3, 5, 14, 15} — {5, 14, 15}, {2, 3, 14, 15}, {3, 14, 15}, {3, 5, 15}, {3, 5, 11, 14}, {3, 5, 14}, {3, 4, 5, 14, 15}, {3, 5, 7, 14, 15}, {3, 5,
13, 14, 15}
(3.5, 15} — {5, 15}, {2, 3, 15}, {3, 15}, {3, 5, 11}, {3, 5, 12} {3, 5}, {3, 4, 5, 15}, {3, 5, 7, 15}, {3, 5, 13, 15}, {3, 5, 14, 15}
{3, 6} — {6}, {3, 7}, {3, 8}, {3, 6, 13}, {3, 6, 14}, {3, 6, 15}
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3.6, 12} — {6, 12}, {3, 7, 12}, {3, 8, 12}, {3, 6, 14}. {3, 6, 15}, {3, 6, 12, 13}

3.6, 12, 13} — {6, 12, 13}, {3, 7, 12, 13}, {3, 8, 12, 13}, {3, 6, 13, 14}, {3, 6, 13, 15}, {3, 6, 12}

3.6, 13} — {6, 13}, {3, 7, 13}, {3, 8, 13}, {3, 6}, {3, 6, 13, 14}, {3, 6, 13, 15}

{3, 6, 13, 14} — {6, 13, 14}, {3, 7, 13, 14}, {3, 8, 13, 14}, {3, 6, 14}, {3, 6, 12, 13}, {3, 6, 13}, {3, 6, 13, 14, 15}

{3, 6,13, 14, 15} — {6, 13, 14, 15}, {3, 7, 13, 14, 15}, {3, 8, 13, 14, 15}, {3, 6, 14, 15}, {3, 6, 13, 15}, {3, 6, 13, 14}

3,6, 13, 15} — {6, 13, 15}, {3, 7, 13, 15}, {3, 8, 13, 15}, {3, 6, 15}, {3, 6, 12, 13}, {3, 6, 13}, {3, 6, 13, 14, 15}

3,6, 14} — {6, 14}, {3, 7, 14}, {3, 8, 14}, {3, 6, 12}, {3, 6}, {3, 6, 13, 14}, {3, 6, 14, 15}

3.6, 14, 15} — {6, 14, 15}, {3. 7, 14, 15}, {3, 8, 14, 15}, {3, 6, 15}, {3, 6, 14}, {3, 6, 13, 14, 15}

{3, 6, 15} — {6, 15}, {3, 7. 15}, {3, 8. 15}, {3, 6, 12}, {3. 6}, {3, 6, 13, 15}, {3, 6, 14, 15}

(3.7} = {1, 7}, {7}, {3, 6}, {3}, {3, 5. T}, {3, 7, 8}, {3, 7, 13}, {3, 7, 14}, {3, 7, 15}

3,7, 8} — {7, 8}, {3, 8}, {3, 7}, {3, 7, 8, 13}, {3, 7, 8, 14}, {3, 7, 8, 15}

3,7,8,10} — {7, 8, 10}, {3, 8, 10}, {3, 7, 10}, {3, 7, 8, 11}, {3, 7, 8, 12}

3,7,8, 11} — {7, 8, 11}, {3, 8, 11}, {3, 7, 11}, {3, 7, 8, 10}, {3, 7, 8, 13}, {3, 7, 8, 15}, {3, 7, 8, 11, 14}

{3, 7,8, 11, 14} — {7, 8, 11, 14}, {3, 8, 11, 14}, {3, 7, 11, 14}, {3, 7, 8, 13, 14}, {3, 7, 8, 14, 15}, {3, 7, 8, 11}

(3,7, 8,12} — {7, 8,12}, {3, 8 12}, {3, 7, 12}, {3, 7,8, 10}, {3, 7, 8, 14}, {3, 7, 8, 15}, {3, 7, 8, 12, 13}

{3, 7,8, 12,13} — {7, 8, 12, 13}, {3, 8, 12, 13}, {3, 7, 12, 13}, {3, 7, 8, 13, 14}, {3, 7, 8, 13, 15}, {3, 7, 8, 12}

{3,7,8,13} — {7, 8, 13}, {3, 8, 13}, {3, 7, 13}, {3, 7, 8, 11}, {3, 7, 8}, {3, 7, 8, 13, 14}, {3, 7, 8, 13, 15}

{3,7, 8,13, 14} — {7, 8, 13, 14}, {3, 8, 13, 14}, {3, 7, 13, 14}, {3, 7, 8, 11, 14}, {3, 7, 8, 14}, {3, 7, 8, 12, 13}, {3, 7, 8, 13}, {3, 7, 8,
13, 14, 15}

{3,7,8, 13,14, 15} — {7, 8, 13, 14, 15}, {3, 8, 13, 14, 15}, {3, 7, 13, 14, 15}, {3, 7, 8, 14, 15}, {3, 7, 8, 13, 15}, {3, 7, 8, 13, 14}
{3, 7,8, 13,15} — {7, 8, 13, 15}, {3, 8, 13, 15}, {3, 7, 13, 15}, {3, 7, 8, 15}, {3, 7, 8, 12, 13}, {3, 7, 8, 13}, {3, 7, 8, 13, 14, 15}
{3,7,8, 14} — {7, 8, 14}, {3, 8, 14}, {3, 7, 14}, {3, 7, 8, 12}, {3, 7, 8}, {3, 7, 8, 13, 14}, {3, 7, 8, 14, 15}

{3, 7,8, 14, 15} — {7, 8, 14, 15}, {3, 8, 14, 15}, {3, 7, 14, 15}, {3, 7, 8, 15}, {3, 7, 8, 11, 14}, {3, 7, 8, 14}, {3, 7, 8, 13, 14, 15}
{3, 7,8, 15} — {7, 8, 15}, {3, 8, 15}, {3, 7, 15}, {3, 7, 8, 11}, {3, 7, 8, 12}, {3, 7, 8}, {3, 7, 8, 13, 15}, {3, 7, 8, 14, 15}

{3, 7, 10} = {7, 10}, {3, 10}, {3, 7, 11}, {3, 7, 12}, {3, 5, 7, 10}, {3, 7, 8, 10

{3, 7,11} — {1, 7, 11}, {7, 11}, {3, 11}, {3, 7, 10}, {3, 7, 13}, {3, 7, 15}, {3, 5, 7, 11}, {3, 7, 8, 11}, {3, 7, 11, 14}

{3, 7, 11, 14} — {1, 7,11, 14}, {7, 11, 14}, {3, 11, 14}, {3, 7, 13, 14}, {3, 7, 14, 15}, {3, 7, 11}, {3, 5, 7, 11, 14}, {3, 7, 8, 11, 14}

{3, 7,12} — {7, 12}, {3, 6, 12}, {3, 12}, {3, 7, 10}, {3, 7, 14}, {3, 7, 15}, {3, 5, 7, 12}, {3, 7, 8, 12}, {3, 7, 12, 13}

{8, 7, 12, 13} — {7, 12, 13}, {3, 6, 12, 13}, {8, 12, 13}, {3, 7. 18, 14}, {3, 7, 18, 15}, {38, 7, 12}, {8, 5, 7, 12; 13}, {3, 7, 8, 12, 18}
{3, 7, 13} = {1, 7, 13}, {7, 13}, {3, 6, 13}, {3, 13}, {3, 7, 11}, {3, 7}, {3, 5, 7, 13}, {3, 7, 8, 13}, {3, 7, 13, 14}, {3, 7, 13, 15}

, 7,13, 14} — {1, 7, 13, 14}, {7, 13, 14}, {3, 6, 13, 14}, {3, 13, 14}, {3, 7, 11, 14}, {3, 7, 14}, {3, 7, 12, 13}, {3, 7, 13}, {3, 5, 7, 13,
14}, {3, 7, 8, 13, 14}, {3, 7, 13, 14, 15}

{3, 7,13, 14, 15} — {1, 7, 13, 14, 15}, {7, 13, 14, 15}, {3, 6, 13, 14, 15}, {3, 13, 14, 15}, {3, 7, 14, 15}, {3, 7, 13, 15}, {3, 7, 13, 14}, {3,
5, 7,13, 14, 15}, {3, 7, 8, 13, 14, 15}
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{3, 7,13, 15} — {1, 7, 13, 15}, {7, 13, 15}, {3, 6, 13, 15}, {3, 13, 15}, {3, 7, 15}, {3, 7, 12, 13}, {3, 7, 13}, {3, 5, 7, 13, 15}, {3, 7, 8,
13, 15}, {3, 7, 13, 14, 15}

{3, 7, 14} — {1, 7, 14}, {7, 14}, {3, 6, 14}, {3, 14}, {3, 7, 12}, {3, 7}, {3, 5, 7, 14}, {3, 7, 8, 14}, {3, 7, 13, 14}, {3, 7, 14, 15}

{3, 7,14, 15} — {1, 7, 14, 15}, {7, 14, 15}, {3, 6, 14, 15}, {3, 14, 15}, {3, 7, 15}, {3, 7, 11, 14}, {3, 7, 14}, {3, 5, 7, 14, 15}, {3, 7, 8,
14, 15}, {3, 7, 13, 14, 15}

{3, 7,15} — {1, 7,15}, {7, 15}, {3, 6, 15}, {3, 15}, {3, 7, 11}, {3, 7, 12}, {3, 7}, {3, 5, 7, 15}, {3, 7, 8, 15}, {3, 7, 13, 15}, {3, 7, 14, 15}
{3, 8} — {8}, {3, 6}, {3}, {3, 4, 8}, {3, 7, 8}, {3, 8, 13}, {3, 8, 14}, {3, 8, 15}

{3, 8, 10} — {8, 10}, {3, 10}, {3, 8, 11}7 {3, 8, 12}7 {3, 4, 8, 10}, {3, T 85 10}

{3, 8, 11} — {8, 11}, {3, 11}, {3, 8, 10}, {3, 8, 13}, {3, 8, 15}, {3, 4, 8, 11}, {3, 7, 8, 11}, {3, 8, 11, 14}

{3, 8, 11, 14} — {8, 11, 14}, {3, 11, 14}, {3, 8, 13, 14}, {3, 8, 14, 15}, {3, 8, 11}, {3, 4, 8, 11, 14}, {3, 7, 8, 11, 14}

{3, 8,12} — {8, 12}, {3, 6, 12}, {3, 12}, {3, 8, 10}, {3, 8, 14}, {3, 8, 15}, {3, 4, 8, 12}, {3, 7, 8, 12}, {3, 8, 12, 13}

{3, 8,12, 13} — {8, 12, 13}, {3, 6, 12, 13}, {3, 12, 13}, {3, 8, 13, 14}, {3, 8, 13, 15}, {3, 8, 12}, {3, 4, 8, 12, 13}, {3, 7, 8, 12, 13}
{3, 8, 13} — {8, 13}, {3, 6, 13}, {3, 13}, {3, 8, 11}, {3, 8}, {3, 4, 8, 13}, {3, 7, 8, 13}, {3, 8, 13, 14}, {3, 8, 13, 15}

(3,8, 13, 14} — {8, 13, 14}, {3, 6, 13, 14}, {3, 13, 14}, {3, 8, 11, 14}, {3, 8, 14}, {3, 8, 12, 13}, {3, 8, 13}, {3, 4, 8, 13, 14}, {3, 7, 8,

13, 14}, {3, 8, 13, 14, 15}

{3, 8,13, 14, 15} — {8, 13, 14, 15}, {3, 6, 13, 14, 15}, {3, 13, 14, 15}, {3, 8, 14, 15}, {3, 8, 13, 15}, {3, 8, 13, 14}, {3, 4, 8, 13, 14, 15},
{3, 7,8, 13, 14, 15}

{3, 8, 13, 15} — {8, 13, 15}, {3, 6, 13, 15}, {3, 13, 15}, {3, 8, 15}, {3, 8, 12, 13}, {3, 8, 13}, {3, 4, 8, 13, 15}, {3, 7, 8, 13, 15}, {3, 8,
13, 14, 15}

{3, 8, 14} — {8, 14}, {3, 6, 14}, {3, 14}, {3, 8, 12}, {3, 8}, {3, 4, 8, 14}, {3, 7, 8, 14}, {3, 8, 13, 14}, {3, 8, 14, 15}

(3.8, 14, 15} — {8, 14, 15}, {3, 6, 14, 15}, {3, 14, 15}, {3, 8, 15}, {3, 8, 11, 14}, {3, 8, 14}, {3, 4, 8, 14, 15}, {3, 7, 8, 14, 15}, {3, 8,
13, 14, 15}

{3, 8, 15} — {8, 15}, {3, 6, 15}, {3, 15}, {3, 8, 11}, {3, 8, 12}, {3, 8}, {3, 4, 8, 15}, {3, 7, 8, 15}, {3, 8, 13, 15}, {3, 8, 14, 15}

{3, 10} — {10}, {3, 11}, {3, 12}, {3, 4, 10}, {3, 5, 10}, {3, 7, 10}, {3, 8, 10}

{3, 11} — {1, 11}, {11}, {3, 10}, {3, 13}, {3, 15}, {3, 4, 11}, {3, 5, 11}, {3, 7, 11}, {3, 8, 11}, {3, 11, 14}

3,11, 14} — {1, 11, 14}, {11, 14}, {3, 13, 14}, {3, 14, 15}, {3, 11}, {3, 4, 11, 14}, {3, 5, 11, 14}, {3, 7, 11, 14}, {3, 8, 11, 14}
(3,12} — {12}, {3, 10}, {3, 14}, {3, 15}, {3, 4, 12}, {3, 5, 12}, {3, 7, 12}, {3, 8, 12}, {3, 12, 13}

{3, 12, 13} — {12, 13}, {3, 13, 14}, {3, 13, 15}, {3, 12}, {3, 4, 12, 13}, {3, 5, 12, 13}, {3, 7, 12, 13}, {3, 8, 12, 13}

{3, 13} — {1, 13}, {13}, {3, 11}, {3}, {3, 4, 13}, {3, 5, 13}, {3, 7, 13}, {3, 8, 13}, {3, 13, 14}, {3, 13, 15}

{3, 13, 14} — {1, 13, 14}, {13, 14}, {3, 11, 14}, {3, 14}, {3, 12, 13}, {3, 13}, {3, 4, 13, 14}, {3, 5, 13, 14}, {3, 7, 13, 14}, {3, 8, 13, 14},
{3, 13, 14, 15}

{3, 13, 14, 15} — {1, 13, 14, 15}, {13, 14, 15}, {3, 14, 15}, {3, 13, 15}, {3, 13, 14}, {3, 4, 13, 14, 15}, {3, 5, 13, 14, 15}, {3, 7, 13, 14,
15}, {3, 8, 13, 14, 15

{3,13, 15} — {1, 13, 15}, {13, 15}, {3, 15}, {3, 12, 13}, {3, 13}, {3, 4, 13, 15}, {3, 5, 13, 15}, {3, 7, 13, 15}, {3, 8, 13, 15}, {3, 13, 14,
15

{3, 14} — {1, 14}, {14}, {3, 12}, {3}, {3, 4, 14}, {3, 5, 14}, {3, 7, 14}, {3, 8, 14}, {3, 13, 14}, {3, 14, 15}
{3, 14, 15} — {1, 14, 15}, {14, 15}, {3, 15}, {3, 11, 14}, {3, 14}, {3, 4, 14, 15}, {3, 5, 14, 15}, {3, 7, 14, 15}, {3, 8, 14, 15}, {3, 13, 14,

{3, 15} — {1, 15}, {15}, {3, 11}, {3, 12}, {3}, {3, 4, 15}, {3, 5, 15}, {3, 7, 15}, {3, 8, 15}, {3, 13, 15}, {3, 14, 15}
{4,5} — {5}, {1, 4}, {4}, {3, 4, 5}, {4, 5, 9}, {4, 5, 13}, {4, 5, 14}, {4, 5, 15}

{4, 5,9} — {5, 9}, {4, 9}, {4, 5}, {4, 5, 9, 13}, {4, 5, 9, 14}, {4, 5, 9, 15}

{4, 5,9, 10} — {5, 9, 10}, {4, 9, 10}, {4, 5, 10}, {4, 5, 9, 11}, {4, 5, 9, 12}

{4,5,9, 11} — {5,9, 11}, {4, 9, 11}, {4, 5, 11}, {4, 5, 9, 10}, {4, 5, 9, 13}, {4, 5,9, 15}, {4, 5,9, 11, 14}

{4,5,9, 11, 14} — {5, 9, 11, 14}, {4, 9, 11, 14}, {4, 5, 11, 14}, {4, 5, 9, 13, 14}, {4, 5, 9, 14, 15}, {4, 5, 9, 11}

{4,5,9, 12} — {5,9, 12}, {4, 9, 12}, {4, 5, 12}, {4, 5,9, 10}, {4, 5, 9, 14}, {4, 5, 9, 15}, {4, 5, 9, 12, 13}

{4, 5,9,12, 13} — {5, 9, 12, 13}, {4, 9, 12, 13}, {4, 5, 12, 13}, {4, 5, 9, 13, 14}, {4, 5, 9, 13, 15}, {4, 5, 9, 12}

{4, 5,9, 13} — {5, 9, 13}, {4, 9, 13}, {4, 5, 13}, {4, 5, 9, 11}, {4, 5, 9}, {4, 5, 9, 13, 14}, {4, 5, 9, 13, 15}

{4,5,9,13,14) — {5, 9, 13, 14}, {4, 9, 13, 14}, {4, 5, 13, 14}, {4, 5, 9, 11, 14}, {4, 5, 9, 14}, {4, 5, 9, 12, 13}, {4, 5,9, 13}, {4, 5, 9,
13, 14, 15

{4, 5,9, 13, 14, 15} — {5, 9, 13, 14, 15}, {4, 9, 13, 14, 15}, {4, 5, 13, 14, 15}, {4, 5, 9, 14, 15}, {4, 5, 9, 13, 15}, {4, 5, 9, 13, 14}

{4, 5,9, 13, 15} — {5, 9, 13, 15}, {4, 9, 13, 15}, {4, 5, 13, 15}, {4, 5, 9, 15}, {4, 5, 9, 12, 13}, {4, 5, 9, 13}, {4, 5, 9, 13, 14, 15}

{4, 5,9, 14} — {5, 9, 14}, {4, 9, 14}, {4, 5, 14}, {4, 5, 9, 12}, {4, 5, 9}, {4, 5, 9, 13, 14}, {4, 5, 9, 14, 15}

{4, 5,9, 14, 15} — {5, 9, 14, 15}, {4, 9, 14, 15}, {4, 5, 14, 15}, {4, 5, 9, 15}, {4, 5, 9, 11, 14}, {4, 5, 9, 14}, {4, 5, 9, 13, 14, 15}
{4,5,9, 15} — {5,9, 15}, {4, 9, 15}, {4, 5, 15}, {4, 5, 9, 11}, {4, 5, 9, 12}, {4, 5, 9}, {4, 5, 9, 13, 15}, {4, 5, 9, 14, 15}

{4, 5,10} — {5, 10}, {4, 10}, {4, 5, 11}, {4, 5, 12}, {3, 4, 5, 10}, {4, 5, 9, 10}

{4, 5,11} — {5, 11}, {1, 4, 11}, {4, 11}, {4, 5, 10}, {4, 5, 13}, {4, 5, 15}, {3, 4, 5, 11}, {4, 5, 9, 11}, {4, 5, 11, 14}

{4, 5, 11, 14} — {5, 11, 14}, {1, 4, 11, 14}, {4, 11, 14}, {4, 5, 13, 14}, {4, 5, 14, 15}, {4, 5, 11}, {3, 4, 5, 11, 14}, {4, 5, 9, 11, 14}
{4,5, 12} — {5, 12}, {4, 12}, {4, 5, 10}, {4, 5, 14}, {4, 5, 15}, {3, 4, 5, 12}, {4, 5, 9, 12}, {4, 5, 12, 13}

{4, 5,12, 13} — {5, 12, 13}, {4, 12, 13}, {4, 5, 13, 14}, {4, 5, 13, 15}, {4, 5, 12}, {3, 4, 5, 12, 13}, {4, 5, 9, 12, 13}

{4, 5,13} — {5, 13}, {1, 4, 13}, {4, 13}, {4, 5, 11}, {4, 5}, {3, 4, 5, 13}, {4, 5, 9, 13}, {4, 5, 13, 14}, {4, 5, 13, 15}

{4, 5,13, 14} — {5, 13, 14}, {1, 4, 13, 14}, {4, 13, 14}, {4, 5, 11, 14}, {4, 5, 14}, {4, 5, 12, 13}, {4, 5, 13}, {3, 4, 5, 13, 14}, {4, 5, 9,

13, 14}, {4, 5, 13, 14, 15}

{4, 5,13, 14, 15} — {5, 13, 14, 15}, {1, 4, 13, 14, 15}, {4, 13, 14, 15}, {4, 5, 14, 15}, {4, 5, 13, 15}, {4, 5, 13, 14}, {3, 4, 5, 13, 14, 15},
{4, 5,9, 13, 14, 15}

{4, 5, 13, 15} — {5, 13, 15}, {1, 4, 13, 15}, {4, 13, 15}, {4, 5, 15}, {4, 5, 12, 13}, {4, 5, 13}, {3, 4, 5, 13, 15}, {4, 5, 9, 13, 15}, {4, 5,
13, 14, 15}

{4,5, 14} — {5, 14}, {1, 4, 14}, {4, 14}, {4, 5, 12}, {4, 5}, {3, 4, 5, 14}, {4, 5, 9, 14}, {4, 5, 13, 14}, {4, 5, 14, 15}

{4,5,14, 15} — {5, 14, 15}, {1, 4, 14, 15}, {4, 14, 15}, {4, 5, 15}, {4, 5, 11, 14}, {4, 5, 14}, {3, 4, 5, 14, 15}, {4, 5, 9, 14, 15}, {4, 5,
13, 14, 15}

{4, 5,15} — {5, 15}, {1, 4, 15}, {4, 15}, {4, 5, 11}, {4, 5, 12}, {4, 5}, {3, 4, 5, 15}, {4, 5, 9, 15}, {4, 5, 13, 15}, {4, 5, 14, 15}

{4, 8} — {8}, {4}, {3, 4,8}, {4, 8,9}, {4, 8, 13}, {4, 8, 14}, {4, 8, 15}

{4, 8,9} — {8, 9}, {4, 9}, {4, 8}, {4, 8, 9, 13}, {4, 8, 9, 14}, {4, 8, 9, 15}

{4,8,9, 10} — {8,9, 10}, {4, 9, 10}, {4, 8, 10}, {4, 8, 9, 11}, {4, 8, 9, 12}

{4,8,9, 11} — {8,9, 11}, {4, 9, 11}, {4, 8, 11}, {4, 8,9, 10}, {4, 8, 9, 13}, {4, 8,9, 15}, {4,8, 9, 11, 14}

{4,8,9, 11, 14} — {8, 9, 11, 14}, {4, 9, 11, 14}, {4, 8, 11, 14}, {4, 8, 9, 13, 14}, {4, 8, 9, 14, 15}, {4, 8, 9, 11}

{4,8,9, 12} — (8,9, 12}, {4, 9, 12}, {4, 8, 12}, {4, 8,9, 10}, {4, 8, 9, 14}, {4, 8,9, 15}, {4, 8,9, 12, 13}

{4, 8,9, 12, 13} — {8, 9, 12, 13}, {4, 9, 12, 13}, {4, 8, 12, 13}, {4, 8, 9, 13, 14}, {4, 8, 9, 13, 15}, {4, 8, 9, 12}

{4,8,9,13) — {8,9, 13}, {4, 9, 13}, {4, 8, 13}, {4, 8,9, 11}, {4, 8, 9}, {4, 8, 9, 13, 14}, {4, 8, 9, 13, 15}

{4,8,9,13, 14) — {8,9, 13, 14}, {4, 9, 13, 14}, {4, 8, 13, 14}, {4, 8,9, 11, 14}, {4, 8,9, 14}, {4, 8,9, 12, 13}, {4, 8,9, 13}, {4, 8, 9,
13, 14, 15}

{4, 8,9, 13, 14, 15} — {8, 9, 13, 14, 15}, {4, 9, 13, 14, 15}, {4, 8, 13, 14, 15}, {4, 8, 9, 14, 15}, {4, 8, 9, 13, 15}, {4, 8, 9, 13, 14}
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{4, 8,9, 13, 15} — {8, 9, 13, 15}, {4, 9, 13, 15}, {4, 8, 13, 15}, {4, 8, 9, 15}, {4, 8, 9, 12, 13}, {4, 8, 9, 13}, {4, 8, 9, 13, 14, 15}
{4, 8,9, 14} — {8, 9, 14}, {4, 9, 14}, {4, 8, 14}, {4, 8, 9, 12}, {4, 8, 9}, {4, 8, 9, 13, 14}, {4, 8, 9, 14, 15}

{4,8,9, 14,15} — {8, 9, 14, 15}, {4, 9, 14, 15}, {4, 8, 14, 15}, {4, 8, 9, 15}, {4, 8, 9, 11, 14}, {4, 8, 9, 14}, {4, 8, 9, 13, 14, 15}
{4,8,9, 15} — {8,9, 15}, {4,9, 15}, {4, 8, 15}, {4, 8,9, 11}, {4, 8,9, 12}, {4, 8, 9}, {4, 8,9, 13, 15}, {4, 8, 9, 14, 15}

{4, 8, 10} — {8, 10}, {4, 10}, {4, 8, 11}, {4, 8, 12}, {3, 4, 8, 10}, {4, 8, 9, 10}

{4, 8, 11} — {8, 11}, {4, 11}, {4, 8, 10}, {4, 8, 13}, {4, 8, 15}, {3, 4, 8, 11}, {4, 8, 9, 11}, {4, 8, 11, 14}

{4, 8, 11, 14} — {8, 11, 14}, {4, 11, 14}, {4, 8, 13, 14}, {4, 8, 14, 15}, {4, 8, 11}, {3, 4, 8, 11, 14}, {4, 8, 9, 11, 14}

{4, 8, 12} — {8, 12}, {4, 12}, {4, 8, 10}, {4, 8, 14}, {4, 8, 15}, {3, 4, 8, 12}, {4, 8, 9, 12}, {4, 8, 12, 13}

{4, 8, 12, 13} — {8, 12, 13}, {4, 12, 13}, {4, 8, 13, 14}, {4, 8, 13, 15}, {4, 8, 12}, {3, 4, 8, 12, 13}, {4, 8, 9, 12, 13}

{4,8,13) — {8, 13}, {4, 13}, {4, 8, 11}, {4, 8}, {3, 4, 8, 13}, {4, 8, 9, 13}, {4, 8, 13, 14}, {4, 8, 13, 15}

{4, 8, 13, 14} — {8, 13, 14}, {4, 13, 14}, {4, 8, 11, 14}, {4, 8, 14}, {4, 8, 12, 13}, {4, 8, 13}, {3, 4, 8, 13, 14}, {4, 8, 9, 13, 14}, {4, 8,

13, 14, 15}

{4, 8, 13, 14, 15} — {8, 13, 14, 15}, {4, 13, 14, 15}, {4, 8, 14, 15}, {4, 8, 13, 15}, {4, 8, 13, 14}, {3, 4, 8, 13, 14, 15}, {4, 8, 9, 13, 14, 15}
{4, 8, 13, 15} — {8, 13, 15}, {4, 13, 15}, {4, 8, 15}, {4, 8, 12, 13}, {4, 8, 13}, {3, 4, 8, 13, 15}, {4, 8, 9, 13, 15}, {4, 8, 13, 14, 15}
14} — {8, 14}, {4, 14}, {4, 8, 12}, {4, 8}, {3, 4, 8, 14}, {4, 8, 9, 14}, {4, 8, 13, 14}, {4, 8, 14, 15}

14, 15} — {8, 14, 15}, {4, 14, 15}, {4, 8, 15}, {4, 8, 11, 14}, {4, 8, 14}, {3, 4, 8, 14, 15}, {4, 8, 9, 14, 15}, {4, 8, 13, 14, 15}
15} — {8, 15}, {4, 15}, {4, 8, 11}, {4, 8, 12}, {4, 8}, {3, 4, 8, 15}, {4, 8,9, 15}, {4, 8, 13, 15}, {4, 8, 14, 15}

— {2, 9}, {9}, {4}, {4, 5, 9}, {4, 8, 9}, {4, 9, 13}, {4, 9, 14}, {4, 9, 15}

10} — {9, 10}, {4, 10}, {4, 9, 11}, {4, 9, 12}, {4, 5, 9, 10}, {4, 8, 9, 10}

11} — {9, 11}, {4, 11}, {4, 9, 10}, {4, 9, 13}, {4, 9, 15}, {4, 5, 9, 11}, {4, 8, 9, 11}, {4, 9, 11, 14}

11, 14} — {9, 11, 14}, {4, 11, 14}, {4, 9, 13, 14}, {4, 9, 14, 15}, {4, 9, 11}, {4, 5, 9, 11, 14}, {4, 8, 9, 11, 14}

12} — {2, 9, 12}, {9, 12}, {4, 12}, {4, 9, 10}, {4, 9, 14}, {4, 9, 15}, {4, 5,9, 12}, {4, 8, 9, 12}, {4, 9, 12, 13}

12, 13} — {2, 9, 12, 13}, {9, 12, 13}, {4, 12, 13}, {4, 9, 13, 14}, {4, 9, 13, 15}, {4, 9, 12}, {4, 5, 9, 12, 13}, {4, 8, 9, 12, 13}
13} — {2, 9, 13}, {9, 13}, {4, 13}, {4, 9, 11}, {4, 9}, {4, 5, 9, 13}, {4, 8, 9, 13}, {4, 9, 13, 14}, {4, 9, 13, 15}

, 13, 14} — {2, 9, 13, 14}, {9, 13, 14}, {4, 13, 14}, {4, 9, 11, 14}, {4, 9, 14}, {4, 9, 12, 13}, {4, 9, 13}, {4, 5, 9, 13, 14}, {4, 8, 9,
14}, {4, 9, 13, 14, 15}

9, 13, 14, 15} — {2, 9, 13, 14, 15}, {9, 13, 14, 15}, {4, 13, 14, 15}, {4, 9, 14, 15}, {4, 9, 13, 15}, {4, 9, 13, 14}, {4, 5, 9, 13, 14, 15},
8,9, 13, 14, 15}

.9, 13, 15} — {2, 9, 13, 15}, {9, 13, 15}, {4, 13, 15}, {4, 9, 15}, {4, 9, 12, 13}, {4, 9, 13}, {4, 5, 9, 13, 15}, {4, 8, 9, 13, 15}, {4, 9,
13, 14, 15}

{4,9, 14} — {2, 9, 14}, {9, 14}, {4, 14}, {4, 9, 12}, {4, 9}, {4, 5, 9, 14}, {4, 8, 9, 14}, {4, 9, 13, 14}, {4, 9, 14, 15}

{4, 9, 14, 15} — {2, 9, 14, 15}, {9, 14, 15}, {4, 14, 15}, {4, 9, 15}, {4, 9, 11, 14}, {4, 9, 14}, {4, 5, 9, 14, 15}, {4, 8, 9, 14, 15}, {4, 9,
13, 14, 15}

{4,9, 15} — {2, 9, 15}, {9, 15}, {4, 15}, {4, 9, 11}, {4, 9, 12}, {4, 9}, {4, 5, 9, 15}, {4, 8,9, 15}, {4, 9, 13, 15}, {4, 9, 14, 15}

{4, 10} — {10}, {4, 11}, {4, 12}, {3, 4, 10}, {4, 5, 10}, {4, 8, 10}, {4, 9, 10}

{4, 11} — {11}, {4, 10}, {4, 13}, {4, 15}, {3, 4, 11}, {4, 5, 11}, {4, 8, 11}, {4, 9, 11}, {4, 11, 14}

{4, 11, 14} — {11, 14}, {4, 13, 14}, {4, 14, 15}, {4, 11}, {3, 4, 11, 14}, {4, 5, 11, 14}, {4, 8, 11, 14}, {4, 9, 11, 14}

{4, 12} — {2, 12}, {12}, {4, 10}, {4, 14}, {4, 15}, {3, 4, 12}, {4, 5, 12}, {4, 8, 12}, {4, 9, 12}, {4, 12, 13

{4, 12, 13} — {2, 12, 13}, {12, 13}, {4, 13, 14}, {4, 13, 15}, {4, 12}, {3, 4, 12, 13}, {4, 5, 12, 13}, {4, 8, 12, 13}, {4, 9, 12, 13}

{4, 13} — {2, 13}, {13}, {4, 11}, {4}, {3, 4, 13}, {4, 5, 13}, {4, 8, 13}, {4, 9, 13}, {4, 13, 14}, {4, 13, 15}

{4, 13, 14} — {2, 13, 14}, {13, 14}, {4, 11, 14}, {4, 14}, {4, 12, 13}, {4, 13}, {3, 4, 13, 14}, {4, 5, 13, 14}, {4, 8, 13, 14}, {4, 9, 13, 14},
{4, 13, 14, 15}

{4, 13, 14, 15} — {2, 13, 14, 15}, {13, 14, 15}, {4, 14, 15}, {4, 13, 15}, {4, 13, 14}, {3, 4, 13, 14, 15}, {4, 5, 13, 14, 15}, {4, 8, 13, 14,
15}, {4, 9, 13, 14, 15}

{4, 13, 15} — {2, 13, 15}, {13, 15}, {4, 15}, {4, 12, 13}, {4, 13}, {3, 4, 13, 15}, {4, 5, 13, 15}, {4, 8, 13, 15}, {4, 9, 13, 15}, {4, 13, 14,
15}

{4, 14} — {2, 14}, {14}, {4, 12}, {4}, {3, 4, 14}, {4, 5, 14}, {4, 8, 14}, {4, 9, 14}, {4, 13, 14}, {4, 14, 15}

{4, 14, 15} — {2, 14, 15}, {14, 15}, {4, 15}, {4, 11, 14}, {4, 14}, {3, 4, 14, 15}, {4, 5, 14, 15}, {4, 8, 14, 15}, {4, 9, 14, 15}, {4, 13, 14,
15}

{4, 15} — {2, 15}, {15}, {4, 11}, {4, 12}, {4}, {3, 4, 15}, {4, 5, 15}, {4, 8, 15}, {4, 9, 15}, {4, 13, 15}, {4, 14, 15}

{5, 7t = {1, 7}, {7}, {5}, {3, 5, 7}, {5, 7, 9}, {5, 7, 13}, {5, 7, 14}, {5, 7, 15}

5, 7,9} = {7, 9}, {5, 9}, {5, 7}, {5, 7,9, 13}, {5, 7, 9, 14}, {5, 7, 9, 15}

5,7,9, 10} — {7, 9, 10}, {5, 9, 10}, {5, 7, 10}, {5, 7, 9, 11}, {5, 7, 9, 12}

11} — {7, 9, 11}, {5, 9, 11}, {5, 7, 11}, {5, 7, 9, 10}, {5, 7, 9, 13}, {5, 7, 9, 15}, {5, 7, 9, 11, 14}

11, 14} — {7, 9, 11, 14}, {5, 9, 11, 14}, {5, 7, 11, 14}, {5, 7, 9, 13, 14}, {5, 7, 9, 14, 15}, {5, 7, 9, 11}

12} — {7,9,12}, {5, 9, 12}, {5, 7, 12}, {5, 7, 9, 10}, {5, 7, 9, 14}, {5, 7, 9, 15}, {5, 7, 9, 12, 13}

12, 13} — {7, 9, 12, 13}, {5, 9, 12, 13}, {5, 7, 12, 13}, {5, 7, 9, 13, 14}, {5, 7, 9, 13, 15}, {5, 7, 9, 12}

13} — {7, 9, 13}, {5, 9, 13}, {5, 7, 13}, {5, 7, 9, 11}, {5, 7, 9}, {5, 7, 9, 13, 14}, {5, 7, 9, 13, 15}

13, 14} — {7, 9, 13, 14}, {5, 9, 13, 14}, {5, 7, 13, 14}, {5, 7, 9, 11, 14}, {5, 7, 9, 14}, {5, 7, 9, 12, 13}, {5, 7, 9, 13}, {5, 7, 9,
t
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13, 14, 15} — {7, 9, 13, 14, 15}, {5, 9, 13, 14, 15}, {5, 7, 13, 14, 15}, {5, 7, 9, 14, 15}, {5, 7, 9, 13, 15}, {5, 7, 9, 13, 14}

13, 15} — {7, 9, 13, 15}, {5, 9, 13, 15}, {5, 7, 13, 15}, {5, 7, 9, 15}, {5, 7, 9, 12, 13}, {5, 7, 9, 13}, {5, 7, 9, 13, 14, 15}

14} — {7, 9, 14}, {5, 9, 14}, {5, 7, 14}, {5, 7, 9, 12}, {5, 7, 9}, {5, 7, 9, 13, 14}, {5, 7, 9, 14, 15}

14, 15} — {7, 9, 14, 15}, {5, 9, 14, 15}, {5, 7, 14, 15}, {5, 7, 9, 15}, {5, 7, 9, 11, 14}, {5, 7, 9, 14}, {5, 7, 9, 13, 14, 15}

15} — {7, 9, 15}, {5, 9, 15}, {5, 7, 15}, {5, 7, 9, 11}, {5, 7, 9, 12}, {5, 7, 9}, {5, 7, 9, 13, 15}, {5, 7, 9, 14, 15}

10} — {7, 10}, {5, 10}, {5, 7, 11}, {5, 7, 12}, {3, 5, 7, 10}, {5, 7, 9, 10}

11} — {1, 7, 11}, {7, 11}, {5, 11}, {5, 7, 10}, {5, 7, 13}, {5, 7, 15}, {3, 5, 7, 11}, {5, 7, 9, 11}, {5, 7, 11, 14}

11, 14} — {1, 7, 11, 14}, {7, 11, 14}, {5, 11, 14}, {5, 7, 13, 14}, {5, 7, 14, 15}, {5, 7, 11}, {3, 5, 7, 11, 14}, {5, 7, 9, 11, 14}
7,12} — {7, 12}, {5, 12}, {5, 7, 10}, {5, 7, 14}, {5, 7, 15}, {3, 5, 7, 12}, {5, 7, 9, 12}, {5, 7, 12, 13}

7,12, 13} — {7, 12, 13}, {5, 12, 13}, {5, 7, 13, 14}, {5, 7, 13, 15}, {5, 7, 12}, {3, 5, 7, 12, 13}, {5, 7, 9, 12, 13}

7,13} — {1, 7, 13}, {7, 13}, {5, 13}, {5, 7, 11}, {5, 7}, {3, 5, 7, 13}, {5, 7, 9, 13}, {5, 7, 13, 14}, {5, 7, 13, 15}

7,13, 14} — {1, 7, 13, 14}, {7, 13, 14}, {5, 13, 14}, {5, 7, 11, 14}, {5, 7, 14}, {5, 7, 12, 13}, {5, 7, 13}, {3, 5, 7, 13, 14}, {5, 7, 9,
14}, {5, 7, 13, 14, 15}

7,13, 14, 15} — {1, 7, 13, 14, 15}, {7, 13, 14, 15}, {5, 13, 14, 15}, {5, 7, 14, 15}, {5, 7, 13, 15}, {5, 7, 13, 14}, {3, 5, 7, 13, 14, 15},
7,9, 13, 14, 15}

75 18, 15} — {15 7, A8, I8}, {7 18; 15}, {8, 18, 18}, {5; 7s 18} 45; 7 12; 18}, (85 7% 13%, 48,5 7, 13, 18}, {8 7,19, 18, 18}, 18, %
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13, 14, 15}

{5, 7, 14} — {1, 7, 14}, {7, 14}, {5, 14}, {5, 7, 12}, {5, 7}, {8, 5, 7, 14}, {5, 7, 9, 14}, {5, 7, 13, 14}, {5, 7, 14, 15}

{5, 7,14, 15} — {1, 7, 14, 15}, {7, 14, 15}, {5, 14, 15}, {5, 7, 15}, {5, 7, 11, 14}, {5, 7, 14}, {3, 5, 7, 14, 15}, {5, 7, 9, 14, 15}, {5, 7,
13, 14, 15}

-~
o

27,15} — {1, 7, 15}, {7, 15}, {5, 15}, {5, 7, 11}, {5, 7, 12}, {5, 7}, {3, 5, 7, 15}, {5, 7, 9, 15}, {5, 7, 13, 15}, {5, 7, 14, 15}
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9} — {2, 9}, {9}, {5}, {4, 5, 9}, {5, 7, 9}, {5, 9, 13}, {5, 9, 14}, {5, 9, 15}
9, 10} — {9, 10}, {5, 10}, {5, 9, 11}, {5, 9, 12}, {4, 5, 9, 10}, {5, 7. 9, 10}
0, 11} — {0, 11}, {5, 11}, {5, 9, 10}, {5, 9, 13}, {5, 9, 15}, {4, 5, 9, 11}, {5, 7, 9, 11}, {5, 0, 11, 14}
9, 11, 14} — {9, 11, 14}, {5, 11, 14}, {5, 9, 13, 14}, {5, 9, 14, 15}, {5, 9, 11}, {4, 5, 9, 11, 14}, {5, 7, 9, 11, 14}
9,12} — {2, 9, 12}, {9, 12}, {5, 12}, {5, 9, 10}, {5, 9, 14}, {5, 9, 15}, {4, 5, 9, 12}, {5, 7, 9, 12}, {5, 9, 12, 13
9,12, 13} — {2, 9, 12, 13}, {9, 12, 13}, {5, 12, 13}, {5, 9, 13, 14}, {5, 9, 13, 15}, {5, 9, 12}, {4, 5, 9, 12, 13}, {5, 7, 9, 12, 13}
9,13} — {2, 9, 13}, {9, 13}, {5, 13}, {5, 9, 11}, {5, 9}, {4, 5, 9, 13}, {5, 7, 9, 13}, {5, 9, 13, 14}, {5, 9, 13, 15}
9,13, 14} — {2, 9, 13, 14}, {9, 13, 14}, {5, 13, 14}, {5, 9, 11, 14}, {5, 9, 14}, {5, 9, 12, 13}, {5, 9, 13}, {4, 5, 9, 13, 14}, {5, 7, 9,
, 14}, {5, 9, 13, 14, 15}
9,13, 14, 15} — {2, 9, 13, 14, 15}, {9, 13, 14, 15}, {5, 13, 14, 15}, {5, 9, 14, 15}, {5, 9, 13, 15}, {5, 9, 13, 14}, {4, 5, 9, 13, 14, 15},

, 14, 15}

L 14, 15} — {7, 14, 15}, {8, 14, 15}, {6, 15}, {6, 14}, {3, 6, 14, 15}, {6, 9, 14, 15}, {6, 13, 14, 15}

, 14, 15}

7,9, 13, 14, 15}
9,13, 15} — {2, 9, 13, 15}, {9, 13, 15}, {5, 13, 15}, {5, 9, 15}, {5, 9, 12, 13}, {5, 9, 13}, {4, 5, 9, 13, 15}, {5, 7, 9, 13, 15}, {5, 9,

9,14} — {2, 9, 14}, {9, 14}, {5, 14}, {5, 9, 12}, {5, 9}, {4, 5, 9. 14}, {5, 7, 9, 14}, {5, 9, 13, 14}, {5, 9, 14, 15}

9, 14, 15} — {2, 9, 14, 15}, {9, 14, 15}, {5, 14, 15}, {5, 9, 15}, {5, 9, 11, 14}, {5, 9, 14}, {4, 5, 9, 14, 15}, {5, 7, 9, 14, 15}, {5, 9,
14, 15}

9,15} — {2, 9, 15}, {9, 15}, {5, 15}, {5, 9, 11}, {5, 9, 12}, {5, 9}, {4, 5, 9, 15}, {5, 7, 9, 15}, {5, 9, 13, 15}, {5, 9, 14, 15}

10} — {10}, {5, 11}, {5, 12}, {3, 5, 10}, {4, 5, 10}, {5, 7, 10}, {5, 9, 10}

11} — {1, 11}, {11}, {5, 10}, {5, 13}, {5, 15}, {3, 5, 11}, {4, 5, 11}, {5, 7, 11}, {5, 9, 11}, {5, 11, 14}

11, 14} — {1, 11, 14}, {11, 14}, {5, 13, 14}, {5, 14, 15}, {5, 11}, {3, 5, 11, 14}, {4, 5, 11, 14}, {5, 7, 11, 14}, {5, 9, 11, 14}

12} — {2, 12}, {12}, {5, 10}, {5, 14}, {5, 15}, {3, 5, 12}, {4, 5, 12}, {5, 7, 12}, {5, 9, 12}, {5, 12, 13}

12, 13} — {2, 12, 13}, {12, 13}, {5, 13, 14}, {5, 13, 15}, {5, 12}, {3, 5, 12, 13}, {4, 5, 12, 13}, {5, 7, 12, 13}, {5, 9, 12, 13}

13} — {1, 13}, {2, 13}, {13}, {5, 11}, {5}, {3, 5, 13}, {4, 5, 13}, {5, 7, 13}, {5, 9, 13}, {5, 13, 14}, {5, 13, 15}

13, 14} — {1, 13, 14}, {2, 13, 14}, {13, 14}, {5, 11, 14}, {5, 14}, {5, 12, 13}, {5, 13}, {3, 5, 13, 14}, {4, 5, 13, 14}, {5, 7, 13, 14},
9, 13, 14}, {5, 13, 14, 15}

13, 14, 15} — {1, 13, 14, 15}, {2, 13, 14, 15}, {13, 14, 15}, {5, 14, 15}, {5, 13, 15}, {5, 13, 14}, {3, 5, 13, 14, 15}, {4, 5, 13, 14, 15},
7,13, 14, 15}, {5, 9, 13, 14, 15}

13, 15} — {1, 13, 15}, {2, 13, 15}, {13, 15}, {5, 15}, {5, 12, 13}, {5, 13}, {3, 5, 13, 15}, {4, 5, 13, 15}, {5, 7, 13, 15}, {5, 9, 13, 15},
13, 14, 15}

14} — {1, 14}, {2, 14}, {14}, {5, 12}, {5}, {3, 5, 14}, {4, 5, 14}, {5, 7, 14}, {5, 9, 14}, {5, 13, 14}, {5, 14, 15}

14, 15} — {1, 14, 15}, {2, 14, 15}, {14, 15}, {5, 15}, {5, 11, 14}, {5, 14}, {3, 5, 14, 15}, {4, 5, 14, 15}, {5, 7, 14, 15}, {5, 9, 14, 15},
13, 14, 15}

15} — {1, 15}, {2, 15}, {15}, {5, 11}, {5, 12}, {5}, {3, 5, 15}, {4, 5, 15}, {5, 7, 15}, {5, 9, 15}, {5, 13, 15}, {5, 14, 15}

9} — {7, 9}, {8, 9}, {6}, {6, 9, 13}, {6, 9, 14}, {6, 9, 15}, {0

9,12} = {7,9, 12}, {8, 9, 12}, {6, 12}, {6, 9, 14}, {6, 9, 15}, {6, 9, 12, 13}

12,13} — {7, 9, 12, 13}, {8, 9, 12, 13}, {6, 12, 13}, {6, 9, 13, 14}, {6, 9, 13, 15}, {6, 9, 12}

.13} — {7, 9, 13}, {8, 9, 13}, {6, 13}, {6, 9}, {6, 9, 13, 14}, {6, 9, 13, 15}, {0, 13}

, 13, 14} — {7, 9, 13, 14}, {8, 9, 13, 14}, {6, 13, 14}, {6, 9, 14}, {6, 9, 12, 13}, {6, 9, 13}, {6, 9, 13, 14, 15}, {0, 13, 14}

13, 14, 15} — {7, 9, 13, 14, 15}, {8, 9, 13, 14, 15}, {6, 13, 14, 15}, {6, 9, 14, 15}, {6, 9, 13, 15}, {6, 9, 13, 14}, {0, 13, 14, 15}
13, 15} — {7, 9, 13, 15}, {8, 9, 13, 15}, {6, 13, 15}, {6, 9, 15}, {6, 9, 12, 13}, {6, 9, 13}, {6, 9, 13, 14, 15}, {0, 13, 15}

, 14} — {7,9, 14}, {8, 9, 14}, {6, 14}, {6, 9, 12}, {6, 9}, {6, 9, 13, 14}, {6, 9, 14, 15}, {0, 14}

, 14, 15} — {7, 9, 14, 15}, {8, 9, 14, 15}, {6, 14, 15}, {6, 9, 15}, {6, 9, 14}, {6, 9, 13, 14, 15}, {0, 14, 15}

15} —5 {7, 9, 15}, {8, 9, 15}. {6, 15}, {6, 9, 12}, {6, 9}. {6, 9, 13, 15}, {6, 9, 14, 15}, {0, 15}

12} 5 {7, 12}, {8, 12}, {6, 14}, {6, 15}, {3, 6, 12}, {6, 9, 12}, {6, 12, 13}

12, 13} = {7, 12, 13}, {8, 12, 13}, {6, 13, 14}, {6, 13, 15}, {6, 12}, {3, 6, 12, 13}, {6, 9, 12, 13}

13} — {7, 13}, {8, 13}, {6}, {3, 6, 13}, {6, 9, 13}, {6, 13, 14}, {6, 13, 15}

13, 14} — {7, 13, 14}, {8, 13, 14}, {6, 14}, {6, 12, 13}, {6, 13}, {3, 6, 13, 14}, {6, 9, 13, 14}, {6, 13, 14, 15}

13, 14, 15} — {7, 13, 14, 15}, {8, 13, 14, 15}, {6, 14, 15}, {6, 13, 15}, {6, 13, 14}, {3, 6, 13, 14, 15}, {6, 9, 13, 14, 15}

13, 15} — {7, 13, 15}, {8, 13, 15}, {6, 15}, {6, 12, 13}, {6, 13}, {3, 6, 13, 15}, {6, 9, 13, 15}, {6, 13, 14, 15}

14} — {7, 14}, {8, 14}, {6, 12}, {6}, {3, 6, 14}, {6, 9, 14}, {6, 13, 14}, {6, 14, 15

Looooooo

15} — {7, 15}, {8, 15}, {6, 12}, {6}, {3, 6, 15}, {6, 9, 15}, {6, 13, 15}, {6, 14, 15}
8} — {8}, {7}, {3, 7, 8}, {7, 8, 9}, {7, 8, 13}, {7, 8, 14}, {7, 8, 15}

8,9} — {8, 9}, {7, 9}, {7. 8}, {7.8,9, 13}, {7, 8,9, 14}, {7, 8, 9, 15}

8,9, 10} — {8, 9,10}, {7, 9, 10}, {7, 8, 10}, {7, 8,9, 11}, {7, 8, 9, 12}

8,9, 11} — {8,9, 11}, {7, 9, 11}, {7, 8, 11}, {7, 8,9, 10}, {7, 8, 9, 13}, {7, 8, 9, 15}, {7, 8, 9, 11, 14}

8,9, 11, 14} — {8, 9, 11, 14}, {7, 9, 11, 14}, {7, 8, 11, 14}, {7, 8, 9, 13, 14}, {7, 8, 9, 14, 15}, {7, 8, 9, 11}

8,9, 12} — {8, 9, 12}, {7, 9, 12}, {7, 8, 12}, {7, 8,9, 10}, {7, 8, 9, 14}, {7, 8, 9, 15}, {7, 8, 9, 12, 13}

8,9,12, 13} — {8, 9, 12, 13}, {7, 9, 12, 13}, {7, 8, 12, 13}, {7, 8, 9, 13, 14}, {7, 8, 9, 13, 15}, {7, 8, 9, 12}

8,9,13} — (8,9, 13}, {7, 9, 13}, {7, 8, 13}, {7, 8,9, 11}, {7, 8, 9}, {7, 8, 9, 13, 14}, {7, 8, 9, 13, 15}

8,9, 13, 14} — {8, 9, 13, 14}, {7, 9, 13, 14}, {7, 8, 13, 14}, {7, 8, 9, 11, 14}, {7, 8, 9, 14}, {7, 8, 9, 12, 13}, {7, 8, 9, 13}, {7, 8, 9,
14, 15}

8,9, 13, 14, 15} — {8, 9, 13, 14, 15}, {7, 9, 13, 14, 15}, {7, 8, 13, 14, 15}, {7, 8, 9, 14, 15}, {7, 8, 9, 13, 15}, {7, 8, 9, 13, 14}
8,9, 13, 15} — {8, 9, 13, 15}, {7, 9, 13, 15}, {7, 8, 13, 15}, {7, 8, 9, 15}, {7, 8, 9, 12, 13}, {7, 8, 9, 13}, {7, 8, 9, 13, 14, 15}
8,9, 14} — {8, 9, 14}, {7, 9, 14}, {7, 8, 14}, {7, 8, 9, 12}, {7, 8, 9}, {7, 8, 9, 13, 14}, {7, 8, 9, 14, 15}

8,9, 14, 15} — {8, 9, 14, 15}, {7, 9, 14, 15}, {7, 8, 14, 15}, {7, 8, 9, 15}, {7, 8, 9, 11, 14}, {7, 8, 9, 14}, {7, 8, 9, 13, 14, 15}
8.9, 15} — {8, 9, 15}, {7, 9, 15}, {7, 8, 15}, {7, 8, 9, 11}, {7, &, 9, 12}, {7, 8, 9}, {7, 8, 9, 13, 15}, {7, 8, 9, 14, 15}

8,10} — {8, 10}, {7, 10}, {7, 8, 11}, {7, 8, 12}, {3, 7, 8, 10}, {7, 8, 9, 10}

8,11} — {8, 11}, {7, 11}, {7, 8, 10}, {7, 8, 13}, {7, 8, 15}, {3, 7. &, 11}, {7, 8, 9, 11}, {7, 8, 11, 14}

811, 14} — {8, 11, 14}, {7, 11, 14}, {7, 8, 13, 14}, {7, 8, 14, 15}, {7, 8, 11}, {3, 7, 8, 11, 14}, {7, &, 9, 11, 14}

8, 12} — {8, 12}, {7, 12}, {7, 8, 10}, {7, 8, 14}, {7, 8, 15}, {3, 7, 8, 12}, {7, 8, 9, 12}, {7, 8, 12, 13}

8,12, 13} — {8, 12, 13}, {7, 12, 13}, {7, 8, 13, 14}, {7, 8, 13, 15}, {7, 8, 12}, {3, 7, 8, 12, 13}, {7, 8, 9, 12, 13}

8,13} — {8, 13}, {7, 13}, {7, 8, 11}, {7, 8}, {3, 7, 8, 13}, {7, 8,9, 13}, {7, 8, 13, 14}, {7, 8, 13, 15}

8, 13, 14} — {8, 13, 14}, {7, 13, 14}, {7, 8, 11, 14}, {7, 8, 14}, {7, 8, 12, 13}, {7, 8, 13}, {3, 7, 8, 13, 14}, {7, 8, 9, 13, 14}, {7, 8,

8, 13, 14, 15} — {8, 13, 14, 15}, {7, 13, 14, 15}, {7, 8, 14, 15}, {7, 8, 13, 15}, {7, 8, 13, 14}, {3, 7, 8, 13, 14, 15}, {7, 8, 9, 13, 14, 15}
8, 13, 15} — {8, 13, 15}, {7, 13, 15}, {7, 8, 15}, {7, 8, 12, 13}, {7, 8, 13}, {3, 7, 8, 13, 15}, {7, 8, 9, 13, 15}, {7, 8, 13, 14, 15}
8,14} — {8, 14}, {7, 14}, {7, 8, 12}, {7, 8}, {3, 7, 8, 14}, {7, 8,9, 14}, {7, 8, 13, 14}, {7, 8, 14, 15}

8, 14, 15} — {8, 14, 15}, {7, 14, 15}, {7, 8, 15}, {7, 8, 11, 14}, {7, 8, 14}, {3, 7, 8, 14, 15}, {7, 8, 9, 14, 15}, {7, 8, 13, 14, 15}

8, 15} — {8, 15}, {7, 15}, {7, 8, 11}, {7, 8, 12}, {7, 8}, {3, 7, 8, 15}, {7, 8, 9, 15}, {7, 8, 13, 15}, {7, 8, 14, 15}

9} — {6, 9}, {9}, {7}, {5, 7, 9}, {7, 8, 9}, {7, 9, 13}, {7, 9, 14}, {7, 9, 15}
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{7, 9, 10} — {9, 10}, {7, 10}, {7, 9, 11}, {7, 9, 12}, {5, 7, 9, 10}, {7, 8, 9, 10}
{7,9, 11} — {9, 11}, {7, 11}, {7, 9, 10}, {7, 9, 13}, {7, 9, 15}, {5, 7, 9, 11}, {7, 8, 9, 11}, {7, 9, 11, 14}
{7,9, 11, 14} — {9, 11, 14}, {7, 11, 14}, {7, 9, 13, 14}, {7, 9, 14, 15}, {7, 9, 11}, {5, 7, 9, 11, 14}, {7, &, 9, 11, 14}
{7,9, 12} — {6,9, 12}, {9, 12}, {7, 12}, {7, 9, 10}, {7, 9, 14}, {7, 9, 15}, {5, 7, 9, 12}, {7, 8, 9, 12}, {7, 9, 12, 13}
{7,9, 12,13} — {6, 9, 12, 13}, {9, 12, 13}, {7, 12, 13}, {7, 9, 13, 14}, {7, 9, 13, 15}, {7, 9, 12}, {5, 7, 9, 12, 13}, {7, 8, 9, 12, 13}
{7,9,13} — {6, 9, 13}, {9, 13}, {7, 13}, {7, 9, 11}, {7, 9}, {5, 7, 9, 13}, {7, 8, 9, 13}, {7, 9, 13, 14}, {7, 9, 13, 15}
9,

13, 14} — {6, 9, 13, 14}, {9, 13, 14}, {7, 13, 14}, {7, 9, 11, 14}, {7, 9, 14}, {7, 9, 12, 13}, {7, 9, 13}, {5, 7, 9, 13, 14}, {7, 8, 9,
13, 14}, {7, 9, 13, 14, 15}

{7,9,13, 14, 15} — {6, 9, 13, 14, 15}, {9, 13, 14, 15}, {7, 13, 14, 15}, {7, 9, 14, 15}, {7, 9, 13, 15}, {7, 9, 13, 14}, {5, 7, 9, 13, 14, 15},
{7,8,9,13, 14, 15}

{7,9, 13, 15} — {6, 9, 13, 15}, {9, 13, 15}, {7, 13, 15}, {7, 9, 15}, {7, 9, 12, 13}, {7, 9, 13}, {5, 7, 9, 13, 15}, {7, 8, 9, 13, 15}, {7, 9,
13, 14, 15}

{7,9, 14} — {6, 9, 14}, {9, 14}, {7, 14}, {7, 9, 12}, {7, 9}, {5, 7, 9, 14}, {7, 8, 9, 14}, {7, 9, 13, 14}, {7, 9, 14, 15}

{7.9,14, 15} — {6, 9, 14, 15}, {9, 14, 15}, {7, 14, 15}, {7, 9, 15}, {7, 9, 11, 14}, {7, 9, 14}, {5, 7,9, 14, 15}, {7, 8, 9, 14, 15}, {7, 9,
13, 14, 15}

{7,9, 15} — {6, 9, 15}, {9, 15}, {7, 15}, {7, 9, 11}, {7, 9, 12}, {7, 9}, {5, 7, 9, 15}, {7, 8, 9, 15}, {7, 9, 13, 15}, {7, 9, 14, 15}

{7, 10} — {10}, {7, 11}, {7, 12}, {3, 7, 10}, {5, 7, 10}, {7, 8, 10}, {7, 9, 10}

{7, 11} — {11}, {7, 10}, {7, 13}, {7, 15}, {3, 7, 11}, {5, 7, 11}, {7, 8, 11}, {7, 9, 11}, {7, 11, 14}

{7, 11, 14} — {11, 14}, {7, 13, 14}, {7, 14, 15}, {7, 11}, {3, 7, 11, 14}, {5, 7, 11, 14}, {7, 8, 11, 14}, {7, 9, 11, 14}

{7, 12} — {6, 12}, {12}, {7, 10}, {7, 14}, {7, 15}, {3, 7, 12}, {5, 7, 12}, {7, 8, 12}, {7, 9, 12}, {7, 12, 13}

{7, 12, 13} — {6, 12, 13}, {12, 13}, {7, 13, 14}, {7, 13, 15}, {7, 12}, {3, 7, 12, 13}, {5, 7, 12, 13}, {7, 8, 12, 13}, {7, 9, 12, 13}

{7, 13} — {6, 13}, {13}, {7, 11}, {7}, {3, 7, 13}, {5, 7, 13}, {7, 8, 13}, {7, 9, 13}, {7, 13, 14}, {7, 13, 15}

{7, 13, 14} — {6, 13, 14}, {13, 14}, {7, 11, 14}, {7, 14}, {7, 12, 13}, {7, 13}, {3, 7, 13, 14}, {5, 7, 13, 14}, {7, 8, 13, 14}, {7, 9, 13, 14},
{7, 13, 14, 15}

{7, 13, 14, 15} — {6, 13, 14, 15}, {13, 14, 15}, {7, 14, 15}, {7, 13, 15}, {7, 13, 14}, {3, 7, 13, 14, 15}, {5, 7, 13, 14, 15}, {7, 8, 13, 14,
15}, {7, 9, 13, 14, 15}

{7, 13, 15} — {6, 13, 15}, {13, 15}, {7, 15}, {7, 12, 13}, {7, 13}, {3, 7, 13, 15}, {5, 7, 13, 15}, {7, 8, 13, 15}, {7, 9, 13, 15}, {7, 13, 14,
15

{7, 14} — {6, 14}, {14}, {7, 12}, {7}, {3, 7, 14}, {5, 7, 14}, {7, 8, 14}, {7, 9, 14}, {7, 13, 14}, {7, 14, 15}

{7, 14, 15} — {6, 14, 15}, {14, 15}, {7, 15}, {7, 11, 14}, {7, 14}, {3, 7, 14, 15}, {5, 7, 14, 15}, {7, 8, 14, 15}, {7, 9, 14, 15}, {7, 13, 14,
15

15} — {6, 15}, {15}, {7, 11}, {7, 12}, {7}, {3, 7, 15}, {5, 7, 15}, {7, 8, 15}, {7, 9, 15}, {7, 13, 15}, {7, 14, 15}

9} — {6, 9}, {9}, {8}, {4, 8, 9}, {7, 8, 9}, {8, 9, 13}, {8, 9, 14}, {8, 9, 15}

, 10} — {9, 10}, {8, 10}, {8, 9, 11}, {8, 9, 12}, {4, 8,9, 10}, {7, 8, 9, 10}

11} — {9, 11}, {8, 11}, {8, 9, 10}, {8, 9, 13}, {8, 9, 15}, {4, 8, 9, 11}, {7, 8, 9, 11}, {8, 9, 11, 14}

11, 14} — {9, 11, 14}, {8, 11, 14}, {8, 9, 13, 14}, {8, 9, 14, 15}, {8, 9, 11}, {4, 8, 9, 11, 14}, {7, 8, 9, 11, 14}

12} — {6, 9, 12}, {9, 12}, {8, 12}, {8, 9, 10}, {8, 9, 14}, {8, 9, 15}, {4, 8, 9, 12}, {7, 8, 9, 12}, {8, 9, 12, 13}

12, 13} — {6, 9, 12, 13}, {9, 12, 13}, {8, 12, 13}, {8, 9, 13, 14}, {8, 9, 13, 15}, {8, 9, 12}, {4, 8, 9, 12, 13}, {7, 8, 9, 12, 13}

, 13} — {6, 9, 13}, {9, 13}, {8, 13}, {8, 9, 11}, {8, 9}, {4, 8, 9, 13}, {7, 8, 9, 13}, {8, 9, 13, 14}, {8, 9, 13, 15}

, 13, 14} — {6, 9, 13, 14}, {9, 13, 14}, {8, 13, 14}, {8, 9, 11, 14}, {8, 9, 14}, {8, 9, 12, 13}, {8, 9, 13}, {4, 8, 9, 13, 14}, {7, 8, 9,
14}, {8, 9, 13, 14, 15}

.9, 13, 14, 15} — {6, 9, 13, 14, 15}, {9, 13, 14, 15}, {8, 13, 14, 15}, {8, 9, 14, 15}, {8, 9, 13, 15}, {8, 9, 13, 14}, {4, 8, 9, 13, 14, 15},
, 8,9, 13, 14, 15}

, 9,13, 15} — {6, 9, 13, 15}, {9, 13, 15}, {8, 13, 15}, {8, 9, 15}, {8, 9, 12, 13}, {8, 9, 13}, {4, 8, 9, 13, 15}, {7, 8, 9, 13, 15}, {8, 9,
13, 14, 15}

{8, 9, 14} — {6, 9, 14}, {9, 14}, {8, 14}, {8, 9, 12}, {8, 9}, {4, 8, 9, 14}, {7, 8, 9, 14}, {8, 9, 13, 14}, {8, 9, 14, 15}

{8, 9, 14, 15} — {6, 9, 14, 15}, {9, 14, 15}, {8, 14, 15}, {8, 9, 15}, {8, 9, 11, 14}, {8, 9, 14}, {4, 8, 9, 14, 15}, {7, 8, 9, 14, 15}, {8, 9,
13, 14, 15}

{8,9, 15} — {6, 9, 15}, {9, 15}, {8, 15}, {8, 9, 11}, {8, 9, 12}, {8, 9}, {4, 8, 9, 15}, {7, 8, 9, 15}, {8, 9, 13, 15}, {8, 9, 14, 15}

{8, 10} — {10}, {8, 11}, {8, 12}, {3, 8, 10}, {4, 8, 10}, {7, 8, 10}, {8, 9, 10}

{8, 11} — {11}, {8, 10}, {8, 13}, {8, 15}, {3, 8, 11}, {4, 8, 11}, {7, 8, 11}, {8, 9, 11}, {8, 11, 14}

{8, 11, 14} — {11, 14}, {8, 13, 14}, {8, 14, 15}, {8, 11}, {3, 8, 11, 14}, {4, 8, 11, 14}, {7, 8, 11, 14}, {8, 9, 11, 14}

{8, 12} — {6, 12}, {12}, {8, 10}, {8, 14}, {8, 15}, {3, 8, 12}, {4, 8, 12}, {7, 8, 12}, {8, 9, 12}, {8, 12, 13}

{8, 12, 13} — {6, 12, 13}, {12, 13}, {8, 13, 14}, {8, 13, 15}, {8, 12}, {3, 8, 12, 13}, {4, 8, 12, 13}, {7, 8, 12, 13}, {8, 9, 12, 13}

{8, 13} — {6, 13}, {13}, {8, 11}, {8}, {3, 8, 13}, {4, 8, 13}, {7, 8, 13}, {8, 9, 13}, {8, 13, 14}, {8, 13, 15}

{8, 13, 14} — {6, 13, 14}, {13, 14}, {8, 11, 14}, {8, 14}, {8, 12, 13}, {8, 13}, {3, 8, 13, 14}, {4, 8, 13, 14}, {7, 8, 13, 14}, {8, 9, 13, 14},
{8, 13, 14, 15}

{8, 13, 14, 15} — {6, 13, 14, 15}, {13, 14, 15}, {8, 14, 15}, {8, 13, 15}, {8, 13, 14}, {3, 8, 13, 14, 15}, {4, 8, 13, 14, 15}, {7, 8, 13, 14,
15}, {8, 9, 13, 14, 15}

{8, 13, 15} — {6, 13, 15}, {13, 15}, {8, 15}, {8, 12, 13}, {8, 13}, {3, 8, 13, 15}, {4, 8, 13, 15}, {7, 8, 13, 15}, {8, 9, 13, 15}, {8, 13, 14,
15

{8, 14} — {6, 14}, {14}, {8, 12}, {8}, {3, 8, 14}, {4, 8, 14}, {7, 8, 14}, {8, 9, 14}, {8, 13, 14}, {8, 14, 15}

{8, 14, 15} — {6, 14, 15}, {14, 15}, {8, 15}, {8, 11, 14}, {8, 14}, {3, 8, 14, 15}, {4, 8, 14, 15}, {7, 8, 14, 15}, {8, 9, 14, 15}, {8, 13, 14,
15
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{8, 15} — {6, 15}, {15}, {8, 11}, {8, 12}, {8}, {3, 8, 15}, {4, 8, 15}, {7, 8, 15}, {8, 9, 15}, {8, 13, 15}, {8, 14, 15}

{9, 10} — {10}, {9, 11}, {9, 12}, {4, 9, 10}, {5, 9, 10}, {7, 9, 10}, {8, 9, 10}

{9, 11} — {11}, {9, 10}, {9, 13}, {9, 15}, {4, 9, 11}, {5, 9, 11}, {7, 9, 11}, {8, 9, 11}, {9, 11, 14}

{9, 11, 14} — {11, 14}, {9, 13, 14}, {9, 14, 15}, {9, 11}, {4, 9, 11, 14}, {5, 9, 11, 14}, {7, 9, 11, 14}, {8, 9, 11, 14}

{9, 12} — {12}, {9, 10}, {9, 14}, {9, 15}, {4, 9, 12}, {5, 9, 12}, {7, 9, 12}, {8, 9, 12}, {9, 12, 13}

{9, 12, 13} — {12, 13}, {9, 13, 14}, {9, 13, 15}, {9, 12}, {4, 9, 12, 13}, {5, 9, 12, 13}, {7, 9, 12, 13}, {8, 9, 12, 13}

{9, 13} — {13}, {9, 11}, {9}, {4, 9, 13}, {5, 9, 13}, {7, 9, 13}, {8, 9, 13}, {9, 13, 14}, {9, 13, 15}

{9, 13, 14} — {13, 14}, {9, 11, 14}, {9, 14}, {9, 12, 13}, {9, 13}, {4, 9, 13, 14}, {5, 9, 13, 14}, {7, 9, 13, 14}, {8, 9, 13, 14}, {9, 13, 14,
15

{9, 13, 14, 15} — {13, 14, 15}, {9, 14, 15}, {9, 13, 15}, {9, 13, 14}, {4, 9, 13, 14, 15}, {5, 9, 13, 14, 15}, {7, 9, 13, 14, 15}, {8, 9, 13, 14,
15}

{9, 13, 15} — {13, 15}, {9, 15}, {9, 12, 13}, {9, 13}, {4, 9, 13, 15}, {5, 9, 13, 15}, {7, 9, 13, 15}, {8, 9, 13, 15}, {9, 13, 14, 15}

{9, 14} — {14}, {9, 12}, {9}, {4, 9, 14}, {5, 9, 14}, {7, 9, 14}, {8, 9, 14}, {9, 13, 14}, {9, 14, 15}

{9, 14, 15} — {14, 15}, {9, 15}, {9, 11, 14}, {9, 14}, {4, 9, 14, 15}, {5, 9, 14, 15}, {7, 9, 14, 15}, {8, 9, 14, 15}, {9, 13, 14, 15}

{9, 15} — {15}, {9, 11}, {9, 12}, {9}, {4, 9, 15}, {5, 9, 15}, {7, 9, 15}, {8, 9, 15}, {9, 13, 15}, {9, 14, 15}

{11, 14} — {13, 14}, {14, 15}, {11}, {3, 11, 14}, {4, 11, 14}, {5, 11, 14}, {7, 11, 14}, {8, 11, 14}, {9, 11, 14}

{12, 13} — {13, 14}, {13, 15}, {12}, {3, 12, 13}, {4, 12, 13}, {5, 12, 13}, {7, 12, 13}, {8, 12, 13}, {9, 12, 13}

{13, 14} — {11, 14}, {14}, {12, 13}, {13}, {3, 13, 14}, {4, 13, 14}, {5, 13, 14}, {7, 13, 14}, {8, 13, 14}, {9, 13, 14}, {13, 14, 15}
{13, 14, 15} — {14, 15}, {13, 15}, {13, 14}, {3, 13, 14, 15}, {4, 13, 14, 15}, {5, 13, 14, 15}, {7, 13, 14, 15}, {8, 13, 14, 15}, {9, 13, 14,
15

{13, 15} — {15}, {12, 13}, {13}, {3, 13, 15}, {4, 13, 15}, {5, 13, 15}, {7, 13, 15}, {8, 13, 15}, {9, 13, 15}, {13, 14, 15}
{14, 15} — {15}, {11, 14}, {14}, {3, 14, 15}, {4, 14, 15}, {5, 14, 15}, {7, 14, 15}, {8, 14, 15}, {9, 14, 15}, {13, 14, 15}

To be completed...

Data availability

The movies and trajectory data are available at https:/doi.org/10.5281/zenodo.17969328 4.
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Peer reviews
Reviewer #1 (Public review):
Summary:

This paper presents a creative physics-based model of an ATPase-like molecular machine
using mechanically coupled linkages to mimic allosteric cycles. The authors construct the
complete reaction network by enumerating all mechanically allowed binding configurations
and transitions between them. The resulting system contains hundreds of microstates
connected through node-level binding, dissociation, intramolecular rearrangements,
cleavage, and ligation reactions. Stochastic simulations are then used to study how the
machine cycles between ligand-bound and substrate-bound states. Overall, the manuscript
presents an interesting and creative mechanochemical framework for modeling ATPase-like
allosteric cycles integrating multivalent binding, geometric exclusion through rigidity arising
from binding of substrates and ligands, with stochastic simulations.

Strengths:

(1) The manuscript presents a creative mechanochemical framework that combines
multivalent binding, geometric exclusion, rigidity-based coupling, stochastic kinetics, and
catalysis within a unified model.

(2) The use of geometric exclusion and rigidity to generate negative allosteric coupling is
elegant and provides an intuitive physical mechanism for coordinated molecular behavior.

Omabegho, 2026 eLife 15:RP111064. https://doi.org/10.7554/eLife.111064.1 51 of 55


https://doi.org/10.7554/eLife.111064.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1038/s41596-018-0039-0
https://pubmed.ncbi.nlm.nih.gov/30250287
https://pubmed.ncbi.nlm.nih.gov/30250287
https://doi.org/10.1002/anie.201709362
https://pubmed.ncbi.nlm.nih.gov/29368437
https://pubmed.ncbi.nlm.nih.gov/29368437
https://doi.org/10.1038/s43586-020-00009-8
https://doi.org/10.1038/s41565-019-0517-8
https://doi.org/10.1038/s41565-019-0517-8
https://pubmed.ncbi.nlm.nih.gov/31427748
https://pubmed.ncbi.nlm.nih.gov/31427748
https://doi.org/10.1021/ar500076k
https://pubmed.ncbi.nlm.nih.gov/24856178
https://pubmed.ncbi.nlm.nih.gov/24856178
https://doi.org/10.1073/pnas.1712788115
https://pubmed.ncbi.nlm.nih.gov/29483259
https://pubmed.ncbi.nlm.nih.gov/29483259
https://doi.org/10.1038/nature19946
https://pubmed.ncbi.nlm.nih.gov/27629638
https://pubmed.ncbi.nlm.nih.gov/27629638
https://doi.org/10.1021/bi00801a004
https://pubmed.ncbi.nlm.nih.gov/4258719
https://pubmed.ncbi.nlm.nih.gov/4258719
https://doi.org/10.1146/annurev.ph.42.030180.001453
https://pubmed.ncbi.nlm.nih.gov/6996582
https://pubmed.ncbi.nlm.nih.gov/6996582
https://doi.org/10.1016/j.jmb.2013.03.013
https://pubmed.ncbi.nlm.nih.gov/23499654
https://pubmed.ncbi.nlm.nih.gov/23499654
https://doi.org/10.5281/zenodo.17969328
https://elifesciences.org/subjects/physics-living-systems

7 eLife

Physics of Living Systems

(3) The interpretation of catalysis as a transient release of mechanical constraints is
conceptually interesting and offers a novel perspective on how energy-consuming reactions
can regulate state transitions.

(4) The distinction between productive and futile cycles is insightful and provides a useful
framework for understanding pathway selection in molecular machines.

(5) The explicit construction of a stochastic state network allows the authors to connect
microscopic binding events with emergent cyclic behavior.

(6) The work provides a conceptual platform for exploring how simple mechanical principles
may give rise to allosteric regulation and mechanochemical transduction in synthetic
molecular systems.

Weaknesses:

(1) The manuscript is very dense and difficult to follow. The notation and microstate labels
(e.g., {S/L}:{10,5}) obscure the central ideas, and the stochastic model is not explained clearly
enough. The authors should provide a simpler schematic, a mapping of state labels, and a
step-by-step example of a productive cycle. The supplementary videos would also benefit
from additional explanation.

(2) The framework appears most applicable to mechanically gated motor proteins and may
not generalize to allosteric enzymes that operate through conformational ensembles,
dynamic coupling, or entropy-driven regulation. The scope of the model should be discussed
more carefully.

(3) The reported behavior appears highly dependent on specific parameter choices and rate
hierarchies. A broader sensitivity analysis is needed to demonstrate robustness.

(4) The binary treatment of states as either rigid or flexible oversimplifies the continuous
energy landscapes and fluctuations observed in real biomolecules. The limitations of this
approximation should be discussed.

(5) The role of nonequilibrium thermodynamics is underdeveloped. The relationship between
the model, ATP chemical potential, free-energy dissipation, entropy production, and the
energetic cost of futile cycles should be discussed more explicitly.

(6) Although a large number of microstates are enumerated, it remains unclear which states
and pathways dominate the dynamics. A more coarse-grained analysis highlighting the key
states and transitions would improve interpretability and facilitate comparison with
experimental systems.

https://doi.org/10.7554/eLife.111064.1.sa2
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This is an interesting study aiming to capture the fundamental principles of ATPase-like
machines with an elementary model of rigid bars. While molecular motors have been the
subject of many studies in statistical physics, taking very simplified approaches, these past
studies generally abstract away from geometrical constraints and do not account for
allosteric mechanisms. In turn, several simple physical models of allostery are now available,
but most consider only long-range effects without reference to reactivity or the conversion of
chemical to mechanical energy. The essential ingredient of the present model is a form of
negative allostery that stems from geometrical constraints. These constraints impose the
presence of hidden microstates and the connections between states that form a reaction
network. Nontrivial tradeoffs can then be derived, e.g., on the catalytic rate.

One limitation of the approach is that energetic constraints, which are equally important, are
not themselves derived from physical principles. This includes the different kinetic rates, the
binding constants, and the mechanisms of reactivity, even though, in principle, they should
follow from basic interaction energies in the context of thermal fluctuations. This is a
legitimate choice of modeling level, handled notably by imposing a hierarchy between rates.
It would be appreciated, however, if the overall logic of the derivation were clarified,
presenting more clearly from the beginning what the fundamental hypotheses of the model
are, which aspects are derived from these hypotheses, and which require additional
assumptions. It seems indeed that the model involves both fundamental physical
assumptions that are used to derive some emerging kinetic features (e.g., geometry imposes
futile cycles) and global kinetic assumptions that are used to derive some microscopic
features (e.g., a productive cycle imposes the relative values of the kinetic rates).

The conclusion ends with a proposal to generalize to more elaborate models. I was
wondering, however, if the opposite would not be desirable. The current model is already
quite involved (as the 7 pages of SI listing transitions between states testify). Wouldn't it be
possible to obtain some of the main results, e.g., the trade-offs defining an optimal cleavage
rate, from an even simpler model?

https://doi.org/10.7554/eLife.111064.1.sa1

Reviewer #3 (Public review):
Summary:

In "Design of a minimal, allosteric, and ATPase-like machine using mechanical linkage,"
Omabegho introduces a simplified model of an allosterically-regulated molecular machine.
The model machine takes inspiration from simple ATPase motors, specifically myosin or
dynein, and is meant to capture the interactions between enzyme, ligand, and substrate that
empower these enzymatic biomolecular machines. The model system attempts to specifically
model the inhibitory allosteric regulation relevant to machine operation, following work on
mechanical features of allostery in protein-analogue elastic network models. After the
introduction of the model machine, the manuscript discusses the primary cycle by which the
substrate serves to displace and then cyclically replace the ligand (roughly corresponding to a
"recovery" and "power" stroke, respectively, in their biomolecular machine inspiration), as
well as cataloguing other futile cycles or individual chemical pathways the machine may
traverse. After an exhaustive enumeration of all possible states and transitions of the model
machine, the actual mechano-chemical system is mapped to an abstracted stochastic
chemical reaction network, which is finally studied numerically in more detail. We believe
this model system is novel, interesting, and, importantly, interpretable and could prove to be
useful in future modeling and rational design of simple bio-mimetic nanoscopic systems.

Strengths:
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(1) Omabegho introduces a novel chemo-mechanical model system that captures the core
behavior of a simple ATPase molecular machine. The model is relatively simple in
construction, but, as the manuscript demonstrates, it can display very rich behavior
depending on various competing chemical timescales and mechanisms. These features
suggest that this system could, in fact, serve as a useful starting model if adopted by the wider
community.

(2) A key feature to highlight is the mechanistic interpretability of the model. By cutting to the
seemingly core functional details of an ATPase-like machine, Omebegho is able to
algorithmically produce an exhaustive listing of all allowed chemical states and all possible
transitions between them, enabling the study of all possible mechanistic pathways and the
relative frequency of each observed path. Further, Omebegho produced very clear
visualizations of these states, transitions, pathways, and cycles that again facilitate the
interpretability and utility of the model. This interpretability is key to our suggestion that this
model could be more widely adopted as a clear ATPase analogue model for study by the
broader biophysical community.

Weaknesses:
There are some issues to note.

(1) First, although the model is inspired by ATPases, the cycle in question is not a model even
for the significantly abstracted form presented in Supplemental Section 1.1, as noted in the
manuscript. The allosteric regulation utilized in the model does not mandate that the ligand
(a stand-in for actin, for example) displaces both products (stand-ins for ADP and P). Rather,
one product (P) dissociates spontaneously, and the other, larger one (ADP) is allosterically
displaced. We recognize mandating this small further detail would presumably complexify
the model (i.e., it may require an additional tile in the enzyme construction), but it would also
lead to a more accurate, while still simple and interpretable, picture of the biological
molecular machines in question.

(2) Much as we recognize and applaud the model's structure as simple and interpretable,
when trying to actually study the chemical dynamics and observed dynamical behaviors,
individual chemical rates of various binding and unbinding processes appear to be quite
finely tuned. There is some attempt at studying the behavior of this model in various
parameter tuning regimes, but the large number of model parameters makes a truly
complete numerical study prohibitive. Given this difficulty, it would be instructive to know if
a comparison could be made to the actual motivating biological systems and any observed
chemical rates in the experiment. Further, given the desired cyclic behavior, it would be quite
interesting to see to what degree this behavior is robust to various parameter choices. Again,
preliminary work was done in the manuscript by biasing rates or numerical siloing
experiments, but a far more exhaustive study is certainly worthwhile.

(3) Perhaps our biggest critique of the manuscript is that, although it incorporates both
mechanical and chemical aspects into the model system construction, all mechanical aspects
of the model simply function to limit allowed state transitions. From our understanding, all
mechanical aspects of the model are, in fact, abstracted away during any simulations. This
modeling choice, of course, retains some mechanical inspiration while making the resulting
system more tractable, but it is ultimately not an actual mechanical model. ATPases,
especially motors such as myosin and dynein, are inherently mechanical, their fundamental
features being the conversion of chemical fuel into mechanical motion. A fuller treatment,
perhaps in future work, should include these physical degrees of freedom in simulation, thus
truly tracking the interplay between physical enzyme mechanics and chemistry. The absence
of actual mechanics as yet, beyond a strict allosteric restriction, is an inherent limitation of
the model.
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