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Abstract

Colocalization of cascade enzymes is broadly discussed as a phenomenon that can boost the
cascade reaction throughput, although a direct experimental verification is often challenging. This is mainly
due to difficulties in establishing proper size regimes and in the analytical quantification of colocalization
effect with adequate experimental systems and simulations. In this study, by taking advantage of reversible
DNA-directed colocalization of enzymes on microspheres, we established a cascade system that can be
used to directly evaluate the colocalization effect with exactly the same experimental settings except for
the state of enzyme dispersion. In the regime of highly dilute microspheres of particular sizes, the
colocalized cascade shows enhanced activity compared with the freely diffusing cascade, as evidenced by
a shortened lag phase in the time-course production. Reaction-diffusion modeling reveals that the
enhancement can be ascribed to the initial accumulation of intermediate substrate around the colocalized
enzymes and is found to be carrier size-dependent. This work demonstrates the dependence of the
colocalization effect of enzyme cascades on an interplay of nano- and microscales, lending theoretical

supports to the rational design of high-efficient multienzyme catalysts.
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Introduction

Implementing multistep chemical synthesis by enzyme cascades has begun to reshape industrial
chemical production,'? pharmaceutical manufacturing,’ and environmental remediation.* A recent
landmark achievement was the development of a nine-enzyme, three-step enzymatic approach for the
synthesis of islatravir, an investigational HIV drug.’ Cascade enzymatic catalysis enables sequential
reactions to occur in one pot with high activity and extraordinary stereoselectivity without requiring the
isolation of intermediates, showing advantages over conventional chemical synthesis. Inspired by
biological enzyme cascade reactions which frequently feature co-localization of enzymes on scaffolds,
designed cascade enzyme systems have been constructed with elaborate nano-/micro-scale architectures,”
' advancing a broad range of applications in catalysis and biochemical biosensors.'>'* Interestingly, the
controlled placement of enzymes frequently yielded enhanced activity compared to their freely diffusing

counterparts, '

and the ability to engineer artificial scaffolds holds a great potential for manipulating
cascade reactions.'”
The activity enhancement was initially ascribed to the facilitated transport of intermediate

substrates between colocalized enzymes,’?%*

resembling a substrate channeling effect that often occurs in
multidomain enzymes or multienzyme complexes.** However, our previous theoretical analysis has pointed
out that facilitating transport only accelerates throughput when the transport of intermediates is a limiting
factor, which is the case if the enzymes are separated by micrometer and millimeter distances but not by
nanometer distances.”> We then experimentally demonstrated that a nanometer separation between glucose
oxidase (GOx) and horseradish peroxidase (HRP) obtained by directly conjugating the enzymes together

%6 and that the observed enhancement can originate from the

does not result in activity enhancement,
microenvironmental effects of scaffolds on the enzyme activity.””** These insights have been recently
echoed by the failure to find substrate channeling in the AROM complex, a compact and multifunctional

assembly of ten enzymatic domains that belongs to the shikimate metabolic pathway.?’ Natural substrate

channeling at the nanoscale often succeeds because it relies on physical tunnels, as promoted by local effects



associated with charges, pH, molecular arrangements etc., or interfaces to constrain and transfer substrates
rather than enzyme colocalization.’*** The previous observations of enhancements in coupled activity of

33-36 45 at the nanoscale the diffusion

enzymes colocalized on nanoscale scaffolds may have intricate origins,
of small molecules should not be a rate-limiting step in most enzyme cascades.”

If the nanoscale proximity between cascade enzyme pairs cannot directly lead to substrate
channeling, can the microscale colocalization make a difference? Here we expand our experimental study
from the molecular scale to the micrometer scale and compare the throughput of the GOx-HRP cascade
when the enzymes are freely diffusing and when they are immobilized on microspheres of varying sizes. In
this cascade, often used as a model system, GOx first oxidizes glucose and produces hydrogen peroxide
which further reacts with HRP. The comparison is greatly facilitated by employing reversible DNA
hybridization to control enzyme attachments onto microspheres. Since the enzymes can be released from
the microspheres by the addition of displacing DNA strands, the cascade throughput of immobilized and
free enzymes can be compared for the exact same batch of enzymes, greatly reducing potential artifacts. A
shortened lag phase in the production curve is observed for the GOx-HRP cascade colocalized on the
surface of microspheres compared with the control with enzymes released, indicating an apparent
temporary enhancement in reaction throughput due to channeling. Reaction-diffusion modeling reveals that
this enhancement originates from the rapidly established relatively higher intermediate concentration of
hydrogen peroxide at the surface of the microspheres, enabling the second enzyme, HRP, to more rapidly
convert the hydrogen peroxide intermediate. A new factor entering the description of the reaction-diffusion
system is that the sedimentation of larger microspheres, which also affects the cascade activity. This work

provides a quantitative understanding of the colocalization effect of cascade enzymes, which is essential

for rational design of high-efficient multienzyme catalysts.

Results and Discussion

DNA-directed colocalization of GOx and HRP. The colocalization of GOx and HRP was

33,34,37

achieved by DNA-directed immobilization onto streptavidin-coated microspheres, where a



hybridization of DNA strands with attached GOx and HRP respectively allows for placement of enzymes
on the microsphere surface through the biotin-streptavidin interaction (referred to as “CO”, Figure 1a). As
5.65 um diameter microspheres are 1000 times larger in size than enzyme molecules, the immobilized
enzymes form a two-dimensional single layer on the surface of a microsphere. Given a random distribution
of two types of single stranded DNA (DNAI1" and DNA2") on a microsphere surface, it is expected that
GOx and HRP are distributed randomly in a thin layer on the microsphere. We first functionalized GOx
and HRP with maleimide groups and then conjugated them respectively with single-stranded DNA1 and
DNAZ2? through the thiol-maleimide “click” reaction. Each of the DNA strands possesses a 15-base sticky
end at the 3° end (Supporting Information Section 1.1, Figure S3). The average molecular ratio of DNAI
to GOx in the purified conjugates is 1.2, and that of DNA2 to HRP is 1.7. Their complementary capture
strands DNA1" and DNA2’, bearing biotin moieties at their 5° ends, serve as linkers between the
streptavidin-coated microspheres and DNA-enzyme conjugates.

The colocalization of GOx and HRP was accomplished through four steps (Figure 1b, Supporting
Information Section 1.4): (1) functionalizing the surface of microspheres with equimolar amounts of
capture strands DNA1" and DNA2"; (2) differential centrifugation to remove excessive capture strands; (3)
successive incubation of equimolar DNA1-GOx and DNA2-HRP conjugates with microspheres at room
temperature; (4) differential centrifugation to remove excessive unbound DNA-enzyme conjugates. The
enzyme immobilization efficacy (bound enzymes/biotin-binding capacity) was determined based on the
relative activities of the supernatant prior and post immobilization (Supporting Information Section 1.6 and
Figure S6) and was found to be 70% for GOx (corresponding to a surface density of 4 X
103 GOx molecules per um? ) and 30% for HRP (corresponding to a surface density of 2 X
103 HRP molecules per um?). The lower efficacy of HRP binding may be attributed to the steric effect
caused by the first immobilized GOx, which hinders the access of HRP to its corresponding anchoring sites

of DNA2".
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Figure 1. Colocalization of GOx-HRP cascade on streptavidin-coated microspheres. (a) Schematic of DNA-
mediated colocalization of GOx and HRP and dissociation through strand-displacement reactions. The biotinylated
capture strands bridge microsphere surface (via the biotin-streptavidin interaction) and DNA-enzyme conjugates (via
the DNA hybridization between DNA1 to DNA1* and DNA2 to DNA2*, respectively). (i, CO). These DNA-
conjugated enzymes are released into the solution upon the addition of release strands via toehold-mediated strand-
displacement reactions (ii, RE). (b) Illustration of the preparation of the colocalized GOx-HRP sample, CO, and the
released control, RE. (c) The time-course production of resorufin by the CO and RE samples (microsphere diameter:

5.65 um).

The colocalized GOx and HRP can be released into the solution again upon the addition of release
strands to initiate toehold-mediated DNA strand-displacement reactions (Figure 1a).*>*° The displacement
occurs at the toehold regions of the release strands (DNA1"" and DNA2") complementary to the unpaired
region of the enzyme-conjugated strands, through which DNA-enzyme conjugates are detached from the
microspheres. The addition of 20-fold release strands to the enzyme conjugates resulted in a release efficacy

(released enzymes/initially bound enzymes) of nearly 100% for GOx and 60% for HRP (Figure S6). In a



typical experiment, we sequentially immobilized the GOx-DNAI1 conjugate and HRP-DNA2 conjugate
onto microspheres, and then prepared two identical samples from the same batch of colocalized enzymes.
The release strands, DNA1™ and DNA2", were added to one of the samples to release the enzymes from
the microspheres (Figure 1b). In this way, we ensured exactly the same amounts of GOx and HRP
participating in cascade reactions carried out by the colocalized or the freely diffusing enzymes.

Cascade Kkinetics of colocalized system and free enzymes. The cascade reactions of GOx and
HRP were assayed with a chromogenic substrate, Amplex Red, which can be oxidized to a bright pink
product, resorufin.’’ We first investigate if DNA conjugation, hybridization, the presence of excess DNA,
and enzyme immobilization onto microspheres alter the activity of individual enzymes (Table S3 and Figure
S7). We found no statistically significant difference in catalytic parameters (ke and Kum values for either
GOx or HRP) between the immobilized enzyme-DNA conjugates without and with release strands. In other
words, releasing GOx or HRP from the microspheres does not change their individual activity.

The time-course production of resorufin is monitored on an ultraviolet—visible spectrophotometer
in the presence of 100 mM glucose (Figures 1c and S5). The colocalized system (CO) shows a higher
reaction rate than the released system (RE). The characteristic lag phase originating from the gradual
increase in the concentration of intermediate substrate H>O, is found for both cases. The CO system exhibits
a shortened transient phase compared with the RE sample, indicating that the colocalization of GOx and
HRP in fact accelerates the cascade reaction. As we have proven that neither the activity of GOx nor HRP
decreased after release, this acceleration can only be ascribed to the relatively higher concentration of H,O»
in the enzyme layer produced by the assembled GOx molecules and the rapid consumption of H>O; by the
microsphere-assembled HRP molecules. The more rapid establishment of H,O, concentration around HRP
molecules makes this effect resemble substrate channeling.

To further confirm that colocalization causes a channeling-like effect, we conducted a standard
competition assay by introducing catalase (CAT) into the two systems (Figure 2a). Free CAT consumes
H,O; primarily in the bulk solution and thus reduces the reaction velocity of the GOx-HRP cascade when

the enzymes are released. In comparison, only a small amount of CAT is present in the enzyme



colocalization layer for the on-a-microsphere colocalized system, and diverts only a small portion of the
locally generated H,O, away from the HRP. In other words, it is expected that the presence of CAT reduces
more effectively the production by free enzymes than by the colocalized enzymes. As shown in Figure 2b,
the addition of CAT suppresses the production of resorufin by both the CO and RE systems and the
suppression becomes stronger with increasing CAT concentration. The CO system, however, exhibits
resistance to the presence of CAT (Figure 2c¢). The instantaneous velocity ratio, Vco/Vre, is approximate in
arange of 1.1 — 1.2 in the absence of CAT, while it is increased to the ranges of 1.2 — 1.3 and 1.3 - 1.7 in
the presence of 0.65 nM and 1.3 nM CAT, respectively. This indicates that the colocalization of enzymes

“channels” H,O; molecules towards HRP and prevents the diversion of H,O, by CAT.
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Figure 2. The colocalized (CO) and released (RE) GOx-HRP cascades in the presence of catalase (CAT). (a)
Schematic of GOx-HRP cascade reaction coupled with a competitive reaction of H>O> decomposition catalyzed by
catalase. (b) The production of resorufin as a function of time in the presence of varying concentrations of catalase.
(c) The ratio of reaction velocities of colocalized GOx-HRP on microspheres to that of the released case in varying

concentrations of catalase. Dashed lines represent ratios of smoothed production curves of CO to that of RE in (b).



Support size-dependence of the colocalization effect. We further investigate if the colocalization
effect depends on the size of supporting microspheres. We colocalized GOx and HRP onto streptavidin-
coated microspheres with varying sizes from 0.55 pm to 8.92 um (Figure 3). As the binding capacity of the
different microsphere sizes differs, the absolute reaction velocities are not comparable, but the relative
velocity between the CO and RE systems from the same batch indicates the effectiveness of the
colocalization effect. Figure 3 shows that the 8.92 pum microspheres exhibit a more significant

colocalization effect than the 0.55 pm microspheres, and the enhancement shows a dependence on support

size with 22 (8.92 pm) > 22 (5.65 um) > =€2 (0.55 um).
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Figure 3. The size-dependence of the colocalization effect. The lag phase shortening for GOx-HRP cascade
colocalized on (a) 8.92 um microspheres is more significant than that for the enzymes colocalized on (b) 0.55 um
microspheres. (c) The ratio of reaction velocities of colocalized GOx-HRP on microspheres to that of the released case

in varying microsphere size. Dashed lines represent ratios of smoothed production curves of CO to that of RE in (b).

Modeling of colocalized cascade. To gain theoretical insights into cascade colocalization, we
construct a reaction-diffusion model for the colocalized cascade and compare its throughput to the free
enzymatic reaction. Our model places an individual microsphere of radius R at the center of a spherical
container of radius L whose volume is equal to the inverse of the microsphere concentration (Figure 4a).
The microsphere is coated with GOx and HRP with given surface densities. The concentrations of substrate
(glucose) and intermediate (H,O») molecules as a function of the radial distance from the center of the

container are modeled using the diffusion equation. The Michaelis-Menten kinetics of the enzymes, GOx



and HRP, are implemented as flux boundary conditions on the surface of the microsphere, while reflecting
(zero flux) boundary conditions are implemented at the boundary of the container (Supporting Information
Section 2.1).

We first simulated the case of GOx-HRP colocalization in the absence of any competing or
interfering reaction, using the enzyme parameters shown in Table S3. The time- and radius-dependent
concentration of H>O, molecules is shown in Figure 4b. It is noteworthy that there exists no steady state as
the concentration of H»O, increases all the time and so does the reaction throughput. The highest
concentration of H>O, always occurs at the microsphere surface (R=0). As the reaction progresses, the H,O»
spread into the bulk solution (r > 20 um) with a significant time lag (400 s). The H,O, concentration at
the surface of the microsphere shows the rapid rise indicative of channeling which creates the more rapid
production of resorufin compared to the free reaction (Figure 4c). The concentration of H>O- at the surface
of the microsphere reaches a quasi-steady state on a time scale (30 ms) that is dependent on the kinetic
parameters of HRP and the radius of the microsphere (Supporting information Section 2.2.3). This
simulation matches the experimental results in Figure lc.

In the framework of the channeling effect, the channeling fraction fis.me: defined by the initial ratio

of resorufin production by HRP and H,O; production by GOx is given by (Supporting Information Section

2.2):
f — VHRP,inital = !
channel VGOx,initial (M * 1) (1)
R cat0

where D is the diffusion coefficient of H2Oa, ke is the catalytic rate constant of HRP, Ky, is the
Michaelis-Menten constant of HRP, o is the surface density of HRP, N, is Avogadro’s number, and R is
the radius of the microsphere. The channeling fraction can be interpreted as the probability that an
intermediate molecule generated at the surface of the microsphere will be converted into product before
diffusing away into the bulk. As expected” and consistent with the results shown in Figure 3c, the
channeling fraction increases with the radius of the microsphere if the enzyme surface density is constant:

the channeling fraction is 0.6% for a 0.55 pm microsphere, 6% for a 5.65 pm microsphere, and 9% for an
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8.92 um microsphere. This effect is mainly because a larger microsphere provides a larger number of
potential active sites for intermediate molecules to react before escaping into the bulk, and thus a higher
conversion is expected. Considering that it is just an extremely thin layer of colocalization, the boost in
cascade throughput is noticeable although the channeling fraction seems relatively small. For example, the
colocalization on 8.92 um microspheres lead to a 30% increase in productivity within 400 seconds
compared to the released case. As the concentration of microspheres (or free enzymes) is extremely dilute,
building up a substantial concentration of H,O> in the bulk solution takes a long time. Colocalization of
cascade enzymes reduces the chance for the in sifu produced H>O, escaping before being taken by HRP,
thus a small fraction of H,O» directly flux to the local HRP molecules at the very initial stage would lead
to a significant contribution to the reaction throughput. It is noteworthy that such colocalization results in
“leaky” channeling that a large portion of intermediate substrates still diffuse to the bulk solution. Equation
(1) implies that the channeling fraction can be further improved by increasing the surface density of
enzymes, or reducing the diffusivity of intermediates (for example, by increasing the viscosity of reaction
media).

To simulate the presence of a competing reaction, an additional reaction rate proportional to
concentration is added to the diffusion equation of the intermediate describing the kinetics below the Ky, of
the competing enzyme (Supporting Information Section 2.4). At steady state and in the linear regime, the
resorufin throughput can be solved for in a closed form for the colocalized case (Supporting Information
Section 2.4). A comparison of the steady state resorufin throughput for the colocalized and free reactions
in the presence of varying concentrations of catalase (with catalytic efficiency of 3 pM™ s) is plotted in
Figure 4d. It is noteworthy that in the simulation the benefits of colocalization in the presence of a
competing enzyme are more pronounced than in the experiments (Figure 2c). This is likely due to a smaller
channeling fraction in the experiments arising from a lower than estimated enzyme surface density due to
defects in the streptavidin coating and DNA functionalization of the microsphere surface leading to an
inhomogeneous distribution of enzymes.*’ The discontinuous coverage of enzymes significantly hinders

the local enrichment and conversion of H>O, around the microsphere surface.
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Equation 1 indicates that the channeling fraction feramer increases with increasing microsphere size,
albeit with diminishing returns for microsphere radii greater than DKy N, /k.,:0. However, Equation 1
does not consider potential transport limitations for the supply of the substrate (glucose) for the first enzyme
in the cascade (GOx), which may emerge with increasing microsphere size. The increase in microsphere
size while keeping enzyme surface density constant will lead to faster consumption of substrate at the
microsphere surface, forming a depletion zone of substrate molecules. In Supporting Information Section
2.5, we show that the depletion zone formed near the microsphere surface is not sufficient to adversely
affect the initial reaction throughput in this system. Thus, under the assumptions of the model, increasing
the microsphere size will always increase the cascade throughput.

We then attempt to establish an upper bound on microsphere size. A key observation that allows
us to define a maximum size of the microsphere is the sedimentation phenomenon, where microspheres
would settle down over time due to gravity, resulting in a local enrichment of microspheres and thus the
colocalization of enzymes at the bottom of the cuvette (Supporting Information Section 1.8). The
sedimentation alters the distribution of substrate, intermediate and product molecules near the microsphere
surface due to the fluid flow. A parallel may be drawn between our settling microspheres and the motile
single-cellular organisms analyzed by Berg and Purcell.*' They noted that single-cellular organisms would
only avoid depletion zones of molecules forming around them if their speed overcame the rate of diffusive
transport of those molecules. Roughly, if v is the velocity of the organism, D is the diffusion coefficient of

the molecule, and L is the length of the organism, then the depletion layer does not form if:

v>% )

In our study, the goal is the opposite: to maintain the enhanced concentration of H.O» molecules at
the surface. Substituting v with the settling velocity of the microsphere, substituting L with the radius of the
microsphere, and changing the direction of the equality, we obtain the following expression for the

maximum radius to observe enhancement of throughput:
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where pynere is the density of the microsphere with values on the range of 1.3-2.3 g cm™, pjia is the

density of the fluid (1 g cm™), g is the acceleration of gravity, 7 is the viscosity, and D and R are defined as
before. The radius of the microsphere thus has to be smaller than 10 — 30 um, or the fluid flow arising
from rapid sedimentation will wash away the enhanced concentration of H>O, molecules at the surface of
the microsphere. While the microspheres used by us are smaller, they already exhibit sedimentation on the
timescale of the experiments but not on the timescale of the initial lag phase (Figure S8). To avoid
sedimentation of larger microspheres, in practice, stirring the reaction system is often required, but the
stirring-induced flow would further reduce the channeling-like effect. Besides sedimentation, recent studies
have indicated that surface-immobilized enzymes can pump the surrounding fluid through reaction-induced
flow.*>* It is possible that the fluid flow could speed up enzymatic reactions by increasing substrate fluxes.
However, given the glucose concentration in our system is saturated for glucose oxidase, the fluid flow
around the microsphere is more likely to reduce the cascade activity by interfering the local enrichment of

H,0;. Also, as our modeling without considering any flows fits well the experimental results, the reaction-

induced flow is unlikely to play a significant role in our system.
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Figure 4. Reaction diffusion modeling of colocalized cascade reaction. (a) Diagram of the reaction diffusion model
for the colocalized cascade. (b) Heatmap of H>O: concentration as a function of radius from the center of the
microsphere and time. (c) Left axis (blue): Total resorufin produced as a function of time in the colocalized cascade
(solid line) and free reaction (dashed line). Right axis (red): Concentration of H20xz as a function of time at the surface
of the microsphere in the colocalized reaction (solid line) and in the bulk solution in the free reaction (dashed line).
(d) Velocity of colocalized reaction over velocity of free reaction as a function of time in the presence of catalase at

concentrations of 0 nM (purple line), 0.65 nM (red line), 1.3 nM (orange line).
Conclusions

The concept that colocalization of cascade enzymes can enhance reaction activity is intuitive and
widely accepted, but in practice, colocalization does not always result in activity enhancement due to
inevitable factors such as deactivation of enzymes and mass transfer resistance caused by immobilization.
On the other hand, the appearance of activity enhancement after enzyme colocalization is insufficient
evidence for a colocalization effect if the effect of the scaffold on the enzyme is not accounted for. In this
work, we demonstrate a strategy for directly evaluating the colocalization effect by reversible colocalization

of cascade enzymes on microspheres of varying sizes, and uncover in which size regime the colocalization
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affects the cascade throughput. The thin-layer colocalization of enzymes on microspheres minimizes the
potential resistance to diffusion and the reversible DNA hybridization offers access to an adequate
delocalized control. We confirm the colocalization-induced activity enhancement based on the shortened
characteristic lag phase in the production curve together with a standard catalase competition experiment.
Reaction-diffusion modeling reveals that the colocalization effect is a consequence of the rapid
establishment of a relatively high concentration of H,O; at the microsphere surface where the cascade
reactions are therefore accelerated. This effect resembles the classic substrate channeling and is found to be
support size-dependent, which can be quantitatively evaluated by a channeling fraction. The reaction-
diffusion model considers Michaelis-Menten kinetics of enzymes and the diffusion of reactants; and it
should be applied to other colocalized multienzyme systems. Given that H>O, is almost the smallest
intermediate substrate, other systems with larger intermediate substrates could have more kinetic benefits
from microscale colocalization. For the enzyme cascades involving the regeneration of coenzymes,
although in principle this channeling-like effect exists, these cascades are often significantly affected by the
reaction equilibrium and substrate/product inhibition.® Thus, the kinetic behaviors of these systems may
be more complicated than the prediction by our model.

Colocalization of cascade enzymes is also a strategy taken by living cells to regulate metabolic
fluxes through the formation of temporary enzyme-enzyme assemblies, often referred to as metabolons.**"
Tt is believed that metabolons can mediate substrate channeling, and the proof is mainly relying on the
identification of protein-protein interactions and kinetic analysis.*® Interestingly, many metabolons are
found to be associated with structural elements such as the cytoskeleton and various membranes.***’>! Our
work demonstrates again that mere colocalization of cascade enzymes at the nanoscale scale may be
ineffective in channeling intermediate substrates under the assumption that intermediates undergo free
diffusion. Therefore, other factors such as specific interactions between substrates and protein domains and
allosteric effects may play more vital roles in the activity regulation and need to be accounted for. Cascade
enzymes have also been engineered to display on the surface of microbial cells such as yeasts

Saccharomyces cerevisiae and Kluyveromyces marxianus and increments in production by multienzyme
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systems were frequently reported.”>>> As the size of typical microbial cells is similar to the microspheres
employed in this study, our findings lend solid support to the cell-surface display technique for anchoring

cascade enzymes.

Methods

Materials. GOx from Aspergillus niger (type VII), HRP, p.glucose, H,O, (30 wt.% in water), tris(2-
carboxyethyl)phosphine (TCEP) and Amplex red were purchased from Sigma Aldrich Co. LLC.
Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxy-(6-amidocaproate) (LCSMCC) was
purchased from ThermoFisher Scientific, Inc., USA. Oligonucleotides were purchased from Integrated
DNA Technologies, Inc., USA. Microspheres were purchased from Spherotech Inc., USA.

Synthesis of DNA-enzyme conjugate. Enzymes were first mixed with LC-SMCC at a ratio of 1:100 in
PBS (pH=7.4) and incubated for 30 min at room temperature, and then purified by passing through a HiTrap
desalting column (prepacked with G-25, 5 mL). Thiolated oligonucleotides were first reduced by TCEP at
aratio of 1:1000 in DI water, followed by the removal of excess of TCEP with a size-exclusion column (G-
25, GE Healthcare). The SMCC-modified enzymes were then mixed with the activated oligonucleotides at
aratio of 1:3 in PBS buffer (pH 7.4) and incubated at room temperature for 2 h. The obtained DNA-enzyme
conjugates were purified by ultracentrifugation with Amicon® Ultra Centrifugal Filters with a molecular
weight cut-off (MWCO) of 50 kDa.

Colocalization of cascade enzymes. Streptavidin-coated microspheres were first mixed with biotinylated
capture strands (the amount of the capture stands is 2-fold of biotin-based binding capacity of microspheres),
followed by overnight incubation at room temperature. Differential centrifugation was carried out to
remove unbound strands. Next, the DNA-enzyme conjugates were introduced stepwise into the purified
microsphere suspension (ratio of DNA strand of conjugate to biotin-based capacity of microsphere is 2:1).
After 7 h incubation at room temperature, the mixture was subject to differential centrifugation to remove

unbound enzymes.
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Enzymatic Assay. Enzyme quantifications were carried out on an ultraviolet—visible spectrophotometer
(Cary 300, Agilent Technologies). Enzymatic activities were measured by monitoring the changes in
absorbance at 415 nm by the spectrophotometer (extinction coefficient of ABTS radical cation:
3.6 x 10*M~tcm™1).

Reaction-diffusion modeling for colocalized cascade reactions. The diffusion equations for the

colocalized reaction on a microsphere of radius R can be written down as:

dls Ds 0 als

_Cgt] = DgV?[S] = r_j : a<r2 %) (4)
dll D, 0 a1
—;t] = D[VZ[I] - ke[l] = r—é-g(ﬂ _(’)[r]> - ke[l] (5)

where [S] and [/] denote concentrations of substrate and intermediate molecules, Ds and D; are diffusion
coefficients, 7 is the distance from the center of the microsphere, and %. is the turnover rate of the competing

reaction. The reaction on the microsphere surface is treated as a flux boundary condition at »=R:

d[S] _ keat 101 [S]r=R)
MaPs 4| T Kua + BIG =B ©)
d[] _ keat,1061[S1(r = R) . kcar2082[1](r = R)
M T T R + BIC =B | Kyy + G = B @

where the k...; denotes the catalytic rate constants of the enzymes, the Kj;; denotes the Michaelis-Menten
constants of the enzymes, and o; denotes the surface densities of the enzymes. The edges of the container

are set as reflective boundary conditions:

- =0 ®
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a[1]

r=L

The initial concentration of substrate is set to 100 mM and the initial concentration of intermediate is set to
0 mM. The parameter ‘L’ is chosen such that the total enzymes per available volume of the container is
conserved between the colocalized and free reaction.

Free Reaction Modeling. The free reactions were modeled using the following set of ordinary

differential equations:

At Kuq+[S] 10
alll  keaea[EdNIS]  keae2[E2]1lT]
dt Ky 1+ [S] B Ky 2 + 1] ~kell] (11)
d[P]  keqr2[E2][1] (12)

Where all variables are defined as before, [P] denotes the concentration of product molecules, and [Ei]
and [E»] denote the concentrations of GOx and HRP, respectively, which are set to 190 pM and 80 pM,
respectively. Initial conditions are set to: [Sy] = 100 mM, and [I,] = [Py] = 0 mM. In order to preserve
consistency between the colocalized and free reaction, the container outer radius (L) is chosen such that
the number of enzymes divided by the available volume for diffusion is the equal to the concentration of

the enzyme in the free reaction:

Ny 4mR? 0,
El=—F—=7—71 (13)
§T[L3—§7TR3 §7TL3—§T[R3
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The surface density of HRP, o1, is set to 2000 pum™. The surface density of GOx, ok, is set to maintain

the ratio of concentrations of GOx to HRP in the free reaction.
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