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E
nzyme scaffolds enable the precise
placement of components of enzy-
matic cascades within nanometer

distances.1�3 Recent experimental results
demonstrate significantly increased through-
put of enzymatic cascades as a result of the
utilization of a scaffold, but the basis for this
increase is not understood.4�9 Here, the con-
cept of “metabolic channeling” as a result of
nanometer separations between enzymes on
scaffolds is examined using simulations and
mathematical models.
Scaffolds are involved in many signaling

pathways and metabolic processes and can
be potentially advantageous for a number

of reasons.2,10 A frequently cited reason is
“substrate channeling”: the direct transfer of

intermediates between enzymes in the cas-
cade without the release of the intermediate

into the bulk solution.11 While substrate chan-
neling canoccur as a result of distinct structural
features of the enzymes, such as tunnels or

electrostatic “highways” for substrates,12 it has
been suggested,13 but later challenged with

experiments,14�17 thatmerely linkingenzymes
can increase the throughput of an enzyme

cascade due to facilitated transport. In recent
years there has been a growing interest in

scaffolds and enzymatic cascades for synthetic

biology and biofuel production.10,18

The construction of artificial enzyme scaf-
folds with precise dimensions on the nano-
meter scale has been facilitated by recent
advances in DNA, RNA, and protein nano-
technology. Wilner et al. used a DNA scaf-
fold to tether sequential enzymes and
systematically vary the interenzyme dis-
tance (Figure 1A). When the two enzymes
were separated by 6 nm, a 16-fold increase
in product formation rate was observed
compared to untetheredenzymes.5 Delebec-
que et al. created artificial RNA scaffolds in
bacteria which recruited specific enzymes
from the cytosol and increased the output
of the cascade formed by the recruited en-
zymes 48-fold (Figure 1B).6 Fu et al. bound
enzymes and a “bridge” protein to DNA tiles,
creating a hydration layer around the en-
zymes, thereby increasing the reaction rate
(Figure 1C).8 A protein scaffold was used by
Dueber et al., who used protein�protein
interaction domains to bind three enzymes
in a cascade (Figure 1D).4 The number of
repeats for each enzyme was altered to
achieve the optimal reaction rate by increas-
ing the number of rate-limiting enzymes.

* Address correspondence to
hh2374@columbia.edu.

Received for review June 4, 2013
and accepted September 5, 2013.

Published online
10.1021/nn402823k

ABSTRACT The concept of “metabolic channeling” as a result of rapid transfer of freely diffusing intermediate

substrates between two enzymes on nanoscale scaffolds is examined using simulations and mathematical models.

The increase in direct substrate transfer due to the proximity of the two enzymes provides an initial but temporary

boost to the throughput of the cascade and loses importance as product molecules of enzyme 1 (substrate molecules

of enzyme 2) accumulate in the surrounding container. The characteristic time scale at which this boost is significant

is given by the ratio of container volume to the product of substrate diffusion constant and interenzyme distance and

is on the order of milliseconds to seconds in some experimental systems. However, the attachment of a large number

of enzyme pairs to a scaffold provides an increased number of local “targets”, extending the characteristic time. If

substratemolecules for enzyme 2 are sequestered by an alternative reaction in the container, a scaffold can result in a

permanent boost to cascade throughput with a magnitude given by the ratio of the above-defined time scale to the lifetime of the substrate molecule in the

container. Finally, a weak attractive interaction between substrate molecules and the scaffold creates a “virtual compartment” and substantially accelerates initial

throughput. If intermediate substrates can diffuse freely, placing individual enzyme pairs on scaffolds is only beneficial in large cells, unconfined extracellular spaces

or in systems with sequestering reactions.
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Our goal is to (1) calculate if the precise nanoscale
arrangement of enzymes can yield benefits even if the
moleculesdiffuse freely fromoneenzymeto thenext in the
reaction cascade and (2) contrast this with the situation
where the substratemolecules are attracted to the scaffold.

RESULTS AND DISCUSSION

In the absence of a scaffold, the throughput of an
enzyme cascade, where each enzyme followsMichaelis�
Menten kinetics, can be easily calculated. The steady-
state throughput is determined by the slowest enzyme in
the cascade, and initially the product concentration
increases with the nth power of time for a reaction
cascade comprising n enzymes working in sequence. In
particular, a cascade of twoenzymes should show initially
a quadratic increase of product concentration with time
in the absence of other reactions (Figure 2).
In scaffold systems, the steady state throughput is

still determined by the maximum reaction rate of the
slowest enzyme in the cascade. However, the initial
throughput can be increased by the scaffold. This
increase has been suggested to arise from the in-
creased probability that a product molecule released
by enzyme 1 will find its way directly to enzyme 2
positioned in the immediate vicinity.5,8 For diffusive
transport to a spherical adsorber with radius r from a
starting point at a distance d from the center of the
adsorber the probability to reach the adsorber is given
by the ratio r/d,19 suggesting that a scaffold that places
enzyme 1 within a few nanometers of enzyme 2 might
have a major benefit for the throughput. To obtain a
more detailed picture, we have simulated random
walks of a substrate molecule starting at a defined

distance from a spherical target (representing the
target enzyme) located in the center of a spherical
container. The random walks are terminated when the
molecule encounters the surface of the spherical target
(a “direct” trajectory) or the surface of the container.
The fraction fdirect of direct trajectories to the target
increases, as expected, roughly in proportion to the
inverse distance, for example, from fdirect = 2.3% at an
initial distance of 100 nm to fdirect = 27% at an initial
distance of 10 nm (Figure 3A,B).
The direct trajectories will substantially contribute to

the throughput of the cascade if the direct flux dom-
inates over the flux resulting from substrate molecules
which are lost to the container and subsequently
return. If the initial concentration of the substrate of
enzyme 2 in the container is zero, the direct flux
dominates for a certain time. As the substrate concen-
tration increases in the container, there will be a time
point after which the direct trajectories make a smaller
contribution to the formation of product than the
population of substrate molecules in the container.
This timepoint canbeestimatedbydividing the fluxof

substrates emitted from enzyme 1 into a direct stream to
enzyme 2 and a stream of molecules into the container
(Figure 3C). At substrate concentrations far below the Km
of enzyme 2, the two streams do not interfere and the
rate k2 of product formation is approximately

k2 ¼ Efdirectk1 þ kcat, 2
[S2]
Km, 2

(1)

Here E = kcat,2/Km,2kdif is the efficiency of enzyme 2 at
vanishing substrate concentration;20 k1 is the rate at
which enzyme 1 is releasing its product (serving as

Figure 1. Schematics of enzyme cascades on scaffolds described in the literature. (A) Glucose oxidase (GOx), horseradish
peroxidase (HRP) pairs attached to aDNA “ribbon”with hexagonal cells;5 (B) Ferrodoxin (F), hydrogenase (H) pairs tethered to
RNA tiles which are assembled into different patterns;6 (C) GOx-HRP pairs attached to DNA tiles with a noncatalytic protein
inserted between the enzymes to induce intermediate substrate propagation;8 (D) Artificial scaffold comprised of
protein�protein interaction domains recruits endogenous and foreign enzymes in a bacterium.4 (Reprinted from Idan, O.;
Hess, H. Engineering enzymatic cascades on nanoscale scaffolds. Current Opinion in Biotechnology 2013, 24 (4), 606�611;
Copyright (2013) with permission from Elsevier.)
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substrate for enzyme2); kcat,1,2 are the turnovernumbers
and Km,2 is theMichaelis constant of enzyme2; [S2] is the
average concentration of the substrate of enzyme 2 in
the container; kdif is the diffusion-limited reaction rate. It
is assumed that [S2] , Km,2, because we focus on the
initial reaction rate in the container.
The second term begins to exceed the first termwhen

[S2] ¼ Efdirectk1Km, 2
kcat, 2

(2)

Estimating the average concentration of the sub-
strate of enzyme 2 in the container as [S2] ≈ (1 �
Efdirect)k1t/VNA, where 1 � Efdirect is the fraction of
substrate molecules produced by enzyme 1 which is
not directly processed by enzyme 2, V is the volume of
the container, and t is the time elapsed, we obtain

t ¼ EfdirectKm, 2VNA

(1 � Efdirect)kcat, 2
(3)

Estimating fdirect ≈ r2/d, where r2 is the radius of
enzyme 2 and d is the distance between the centers of
enzymes 1 and 2,19 using the definition for E and
assuming E , 1 we obtain

t ¼ r2VNA

(d � Er2)kdif
� r2VNA

dkdif
(4)

Using kdif ≈ 4πr2DsubstrateNA, because substrate mol-
ecules are small and diffuse fast relative to the enzyme,21

we obtain

t � V

4πDsubstrated
(5)

This is an interesting result because the character-
istic time does not depend on the catalytic properties
of theenzymes.A scaffoldnoticeably increases throughput

over a time scale which is only dependent on the geo-
metry of the system (volume of the container and size of
the scaffold) and the diffusivity of the substrate traveling
from one enzyme to the next. For a volume of 103 μm3

corresponding to the volume of a mammalian cell, a
diffusion coefficient of 10�3 μm2/s corresponding to a
small molecule diffusing in water, and an enzyme separa-
tion of 10 nm, the time scale is on the order of 10 s. For
smaller volumes such as those of mitochondria or bacteria
(V = 0.1�10 μm3), a scaffold provides almost no benefit
over free-floating enzymes.
To check this simple model, we solved the reaction-

diffusion equation for the substrate of enzyme 2, S2:

d[S2]
dt

þr 3 ( �Dr[S2]) ¼ 0 (6)

The two enzymes are modeled as spheres that are
placed at defined locations in a large spherical contain-
er. The vessel wall is modeled as a reflecting boundary,
and an influx/outflux boundary condition is imposed
on the respective enzyme walls. The influx is constant
over time and equal to k1; the outflux is dictated by
local Michaelis�Menten kinetics:

k2 ¼ kcat, 2
[S2]
��

Km, 2 þ [S2]
�� (7)

where bars indicate averages over the enzyme surface.
The parameters used in the simulations were selected
to match a previously described experiment, with
hydrogen peroxide produced by glucose oxidase and
consumed by horseradish peroxidase.5 The simula-
tions confirm our estimate and show that the direct
path loses its dominance as the vessel fills up with
substrate molecules (Figure 4A�C). The interenzyme
distance, which is defined by the scaffold size, deter-
mines themagnitude of the reaction rate reached after
the first microsecond (Figure 4D). This initial reaction
rate increases with decreasing scaffold size because
more substrate molecules take the direct route to
enzyme 2 (Figure 3). An increase in the vessel volume
(or the average volume per enzyme pair) delays the
impact of the indirect path because more time is
required to build up a substantial concentration of
substrate molecules (Figure 4E). A decrease in the
diffusion coefficient without a change in the turnover
number and Michaelis constant of enzyme 2 increases
the initial reaction rate (Figure 4F) because it decreases
the collision rate, thereby implicitly increasing the
efficiency of enzyme 2. Our simulations also show that
placing the two enzymes a few nanometers apart
makes a negligible contribution to product formation
on a time scale of seconds.22

One of the explanations for the increase in through-
put of scaffold systems observed in recent experiments
is that engineered scaffolds often aggregate a large
number of enzyme pairs due to their “ribbon” structure

Figure 2. Reaction rate and final product concentration of a
cascade of two enzymes in the absence of a scaffold.
Initially, the reaction rate (black solid line) increases linearly
and the product concentration (red dashed line) quadratically
with time.Ona time scale of hours, the system reaches a steady
state and the reaction rate reaches the maximum reaction rate
(here limited by the constant production rate of enzyme 1).
In this example, the enzyme concentrations are 0.4 nM for both
enzymes, and the kinetic parameters of enzymes 1 and 2
are equal to those of GOx and HRP, respectively (stated in
Methods). At this concentration, the average distance between
a GOx and a HRP molecule is approximately 1 μm.
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(Figure 1A,B).5,6 A rough approximation of the effect of
placing thousands of enzyme pairs in close proximity is
to consider them as one enzyme pair with a propor-
tional increase in the turnover numbers.22 Then, eq 5
applies and predicts an enhanced throughput for a
time which increases in proportion to the number of
the enzyme pairs, because the volume per ribbon is
proportionally larger than the volume per enzyme pair.
To approximate such experimental systems more

closely, we constructed a simulation with a ribbon-like
structure in the shape of a torus (Figure 5). The minor
radii of the toroids are the radii of the respective
enzymes and the major radius of both is based on
the scaffold's radius of gyration, Rg = ((Nseg)

1/2b)/
√
6,

where Nseg is the number of segments in the scaffold
based on a b = 100 nm Kuhn length of a hexagonal
DNA scaffold modeled as a freely jointed chain.
The benefit of the scaffold, which is negligible for

individual enzymes, remains significant for a ribbon
even on a time scale of seconds to minutes (Figure 5).
However, this is primarily due to the large increase of
the number of target enzymes in the general vicinity
of each enzyme 1 molecule, and not because of the
precise placement of enzyme 2 relative to enzyme 1. In
addition, the dependence of the increase on the
separation distance is smaller compared to our pre-
vious model. This matches the experimental results of
Wilner et al. more closely, where the presence of a
scaffold makes a significant contribution over a non-
scaffold system, but the dimensions of the scaffold
have a relatively small effect.5 This effect could solely
account for the observed increase, with a certain en-
zyme packing, or contribute in combination with other
effects discussed in the next sections.
Another explanation for the enhanced throughput

of an enzyme cascade on a scaffold is the loss of
intermediates due to auto-oxidation or another seques-
tering reaction. Many intermediate compounds can
be highly reactive in solution, especially in a cellular
environment where many species are likely to react
with, and thus sequester, the intermediate substrate

intended for enzyme 2. In nanosystems using enzymes,
sequestration of control molecules has been exploited
to localize activation.23 These systems arrive at a steady
state much faster than systems without a sequestering
reaction, in the case of the GOx-HRP system on the
order of a few seconds. The benefit of the scaffold can
be expressed as the ratio of the production rates of a
scaffold and free systems: (full derivation is presented in
the SI):

k2, scaf
k2, free

¼ 1þ V

4πDd
R (10)

Results of a simulation incorporating a sequestration
reaction are shown in Figure 6. As can be seen from the
inset a sharp concentration gradient is generated in
the vicinity of the source enzyme which does not
dissipate for a long time. The ratio k2,scaf/k2,free de-
creases rapidly toward its steady-state value of 1.034,
1.34, and 4.4 for R = 1 s�1, R = 10 s�1, and R = 100 s�1,
respectively, as predicted by eq 10. In summary, a
scaffold can result in a permanent boost to scaffold
throughput if substrate molecules for enzyme 2 are
sequestered by an alternative reaction in the container,
and the magnitude of the acceleration is given by the
ratio of the time scale defined by eq 5 to the lifetime of
the substrate molecule in the container (1/R).
Finally, the affinity of hydrogen peroxide for protein

surfaces has been previously suggested to be respon-
sible for the scaffold-related enhancement in through-
put,24,25 and a recent scaffold experiment where a pro-
tein placed in between enzyme 1 and 2 leads to an
increase in throughput seems to confirm the concept.8

This phenomenon suggests that attractive interactions
between substrate molecules and enzymes/scaffolds are
apotential driver for the increase in throughput observed
in these systems. Againwe aim to show that the behavior
of the system can be captured by a simple model. To
describe this process, we conceptually envelop a pair of
enzymes with a semipermeable spherical barrier for the
intermediate substrate. The probability of a substrate
molecule to cross the barrier is reduced in proportion

Figure 3. Monte Carlo simulations of diffusive transport. (A) Random walks from a point source (representing enzyme 1 in a
cascade) toward a sphere (representing enzyme 2, r= 2.8 nm) from an initial distance d= 100 nmwith diffusion coefficientD =
10�5 cm2/s. A fraction (f = 2.3%) of the 10000 trajectories arrives first at the sphere (red) and the remainder arrives first at the
boundary of the container with radius R = 1000 nm (black). (B) Decreasing the distance between the enzymes to d = 10 nm
increases the fraction of trajectories arriving first at the sphere (f = 27%). Inset: The arrival time distribution at short times. (C)
The molecules released from enzyme 1 can be conceptually separated into a “direct” stream toward enzyme 2 (red) and a
stream into the surrounding bath (gray). A small catalytic efficiency of enzyme 2 divertsmost of the direct stream to the bath.
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to the Arrhenius factor exp(Eb/kT) and leads to an
increase in the local concentration of substrate mol-
ecules, which in turn enhances the production rate of
enzyme 2. The intermediate substrate concentration in
the smaller compartment increases rapidly and the

throughput reaches half its maximum (k2 = k1/2) after a
time t1/2 given by (see SI for full derivation)

t1=2 ¼ Km, 2
2kcat, 2 � k1

V 00e�Eb=kT (13)

where Eb is the binding energy between scaffold/
enzymes and the intermediate substrate and V00 is the
volume of the container. The size of the “virtual”

Figure 4. Results of a reaction-diffusion simulation of a GOx�HRP cascade. (A�C) Surface plots of the intermediate substrate
concentration in the vicinity of the enzymes. (A) At short times the direct path provides the majority of substrate particles
arriving at enzyme 2. (B) At the characteristic time the flux from the concentration of substrate in the vessel equals that from
thedirect path. (C) At longer times, the concentrationof substrate in the vessel is high andnearly independent of location, and
the direct path makes a negligible contribution. (D�F) Variation of the parameters affecting the characteristic time directly
affects the production rate of enzyme 2. As shown in eq 5, the interenzyme distance (D) and diffusion coefficient (F) are
inversely proportional to the characteristic timewhile the vessel volume (E) is proportional to it. Dotted lines indicate the time
pointswhere direct and indirectfluxes are equal. Unless notedotherwise the parameters usedwere d=10nm,D=10�5 cm2/s,
R = 1000 nm. Enzyme parameters are described in Methods.

Figure 5. Reaction-diffusion simulations for 10000
GOx�HRP pairs on a folded scaffold. A simulation of a
folded scaffold as two rings with a radius equal to the radius
of gyration of a DNA hexagonal ribbon, Rg = 1.3 μm. Similar
to the experimental results of Wilner et al.,5 the presence of
the scaffold significantly increases the rate of product
formation, but the increase is only weakly dependent
on the interenzyme distance. The container volume is
the solution volume per pair multiplied by the number
of enzymes on the scaffold, yielding a container radius
of 21.5 μm. System parameters are described in
Methods.

Figure 6. Reaction-diffusion simulations for enzyme pairs
with a sequestering reaction. A higher sequestering reac-
tion rate decreases the lifetime of the intermediate sub-
strate. The concentration of the intermediate substrate is
only significant in a small volume around the first enzyme.
The ratio of reaction rates, k2,scaf/k2,free, increases with
increased sequestration rate as predicted by eq 10. The
container radius is 1.2 μm, corresponding to 0.2 nM as used
in (5). Enzyme parameters are described in Methods.
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compartment createdby theattractive interactionbetween
substrate molecules and scaffold/enzymes does not affect
the persistence of the enhancement effect (see SI).
A numerical solution of the reaction equations con-

firms the intuition that the local substrate concentration
increases relative to the substrate concentration in the
container roughly in proportion to the Arrhenius factor
and gives a sustained boost to the cascade throughput
irrespective of the size of the compartment.
Due to the exponential dependence of the Arrhe-

nius factor on the binding energy, already a modest
attractive interaction with binding energy of 1 or 2 kT
substantially increases the local substrate concentration

in the vicinity of the enzymes and the throughput of the
cascade (Figure 7). For comparison, several small mole-
cule substrates of HRP have binding energies to DNA
between 3 and 20 kT.16 This increase persists on a time
scale of hours and not just seconds as the increase in
throughput calculated for freely diffusing substrate
molecules eq 5.

CONCLUSIONS

The throughput of sequential enzymatic reactions
can be enhanced by spatial organization, for example,
by localization into microcompartments.26�28 While
the concept of increasing throughput by placing en-
zymes close together is intuitively appealing,29,30 we
show that, for freely diffusing reactants, cascade
throughput is only enhanced in very large containers,
such as mammalian cells31 or the extracellular envi-
ronment of the cellulosome,32,33 and only for a limited
time. Of course, cellular scaffolds often support enzy-
matic cascades in which reactants are not permitted to
diffuse freely,10,34 but recent engineered scaffolds aim
to support reaction sequences with freely diffusing
substrates.4�6 Rather than the proximity between
two sequential enzymes, the aggregation of large
numbers of enzymes on a scaffold enhances through-
put by providing multiple targets for the diffusing
substrate. If substrate molecules for enzyme 2 are
sequestered by an alternative reaction in the container,
a scaffold can result in a permanent boost to cascade
throughput with a magnitude given by the ratio of the
time scale defined by eq 5 to the lifetime of the
substrate molecule in the container. Finally, a weak
attractive interaction between substrate molecules
and the scaffold creates a “virtual compartment” and
substantially accelerates initial throughput.

METHODS
Random Walk Simulations. Random walk simulations were

performed using MATLAB software (MathWorks Inc.). At the
beginning of each iteration a particle was initialized at a specific
distance d away from the center of an inner sphere with radius
of 2.8 nm, which is the sum of the radii of the enzyme and the
substrate molecule. The particle then performs a random walk
on a 3-dimensional square grid with 0.1 nm step size. The
iteration is terminated when the particle reaches either the
inner sphere or crosses an outer sphere of radius 1000 nm and
the number of step sizes is recorded. A total of 10000 iterations
were conducted for each starting distance. Histograms of the
arrival time to the inner and outer spheres were generated
calculating the time steps according toΔt=Δx2/6D, whereΔx=
0.1 nm is the step size and D = 109 nm2/s is the diffusion
coefficient of hydrogen peroxide in water at 25 �C.35

Reaction-Diffusion Simulations. Using COMSOL Multiphysics
finite element analysis software (COMSOL), a simulation of the
enzyme cascadewas constructed using the “transport of diluted
species” module.

Enzyme Pair Simulations. A sphere representing enzyme 1
was placed in the center of a spherical container, and a sphere
representing enzyme 2was placed a distance d from the center.
The enzyme parameters were based on the experimental

system described by Wilner et al.5 using glucose oxidase
(GOx) from Aspergillus niger (r1 = 3.5 nm,36 kcat,1 = 70 s�1,
obtained from averaging several values from www.brenda-
enzymes.org to match values observed in ref 5, Km,1 =
4 mM37) as enzyme 1 and horseradish peroxidase (HRP) from
Armoracia rusticana (r2 = 2.5 nm,38 kcat,2 = 200 s�1,39 Km,2 =
0.18 mM40) for enzyme 2. The diffusion coefficient of D =
109 nm2/s used is the coefficient for hydrogen peroxide in
water at 25 �C.35 The outer boundary is set as a reflective
boundary and the fluxes through the surfaces of the spheres
were set as equal to φ1 = k1/4πr1

2NA for enzyme 1 (influx to the
container) and equal to φ2 = kcat,2 ([S2]

��
/(Km,2þ [S2]

��
)) 3 1/(4πr2

2NA)
for enzyme 2 (outflux from the container) where [S2]

��
is the

average concentration of the intermediate substrate on the
surface of the sphere representing enzyme 2. The product
concentration was determined by numerically integrating k2
over time. The system was solved as a 2D axisymmetric model,
where the solution domain is a half circle with a symmetry axis.
After obtaining a 2D solution, the software extrapolated a 3D
solution by rotation of the system around the symmetry axis. A
free tetrahedral mesh with a 0.01 nm size constraint on the
enzyme surfaces was used.

Torus Simulations. Two toroids were constructed with min-
or radii dictated by the enzyme radii stated above, and the

Figure 7. Simulations of the compartment model for different
barrier energies. For a spherical compartment with a 20 nm
radius, an energy barrier on the order of a few kT increases
production rate compared to a nonscaffold system. This in-
crease is evident on time scales of minutes and hours. The time
toreachhalf themaximumspeedcanbeapproximatedbyeq13
and is∼4 min for a barrier of 2 kT, 12 min for a barrier of 1 kT,
and 30min for a no-scaffold system (see Figure 1). The enzyme
concentrations are 0.2 nM for both enzymes, and the kinetic
parameters of enzyme 1 and 2 are equal to those of GOx and
HRP, respectively (stated in Methods).
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major radius of both toroids was calculated using Rg =
(Nseg)

1/2b/
√
6.Nsegwas calculated usingNseg =Ne 3 dvert/b, where

Ne = 10000 is the number of enzymes on the scaffold, dvert =
10 nm is the center-to-center separation between enzyme pairs
on the scaffold, and b= 100 nm is the Kuhn length calculated for
a dsDNA modeled as a freely jointed chain. The fluxes of the
toroids have been changed to reflect the new geometry: φ1 =
Ne 3 k1 3 (1/(4π

2r1RgNA)) and φ1 = Nekcat,2 ([S2]
��

/(Km,2 þ [S2]
��

) 3
(1/(4π2r2RgNA))), where [S2]

��
is now calculated over the surface

of torus 2.
Sequestering Reactions. To describe the conversion of sub-

strate 2 by a side reaction with a spatially and temporally
constant rate R, the enzyme pair simulations were modified
by adding a term �R[S2] to the differential equation describing
the time-evolution of the concentration of substrate 2, [S2].

Solutions of ODE Systems. The ordinary differential equations
describing the system are usually not analytically tractable.
Using the ODE solvers in MATLAB, ode45 and ode15 we solved
for the intermediate substrate concentration, reaction rate and
final product concentration for the different setups.

Free Enzyme Pairs. System and enzyme parameters used
were the same as in the reaction-diffusion simulations. The
equations of the free system are

Sequestering Reactions. For a system with a sequestering
side reaction, we added the reaction term �R[S2] to the
equation for the intermediate substrate.

Compartmentalization Model. See SI for full description of
the system and the equations associated with it.
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