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Abstract: For nanobiotechnology to achieve its potential,
complex organic—inorganic systems must grow to utilize the
sequential functions of multiple biological components. Crit-
ical challenges exist: immobilizing enzymes can block sub-
strate-binding sites or prohibit conformational changes, sub-
strate composition can interfere with activity, and multistep
reactions risk diffusion of intermediates. As a result, the most
complex tethered reaction reported involves only 3 enzymes.
Inspired by the oriented immobilization of glycolytic enzymes
on the fibrous sheath of mammalian sperm, here we show
a complex reaction of 10 enzymes tethered to nanoparticles.
Although individual enzyme efficiency was higher in solution,
the efficacy of the 10-step pathway measured by conversion of
glucose to lactate was significantly higher when tethered. To
our knowledge, this is the most complex organic—inorganic
system described, and it shows that tethered, multi-step
biological pathways can be reconstituted in hybrid systems to
carry out functions such as energy production or delivery of
molecular cargo.

M ultiple strategies have been used to interface biological
components with inorganic surfaces. In engineering studies
and industrial applications, carboxyl-amine binding chemistry
is the most common attachment strategy.'! However, this
chemistry is not site-specific and does not inherently impart
proper molecular orientation—two factors that can lead to
significant reduction in function of the tethered enzyme.”!
Use of self-assembly templates can immobilize and orient
enzymes; for instance sequential reactions of glucose oxidase
and horseradish peroxidase have been demonstrated using
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a DNA scaffold to control enzyme spacing.”] Recently, the
sequential reaction of three enzymes conjugated to quantum
dots was demonstrated.! Despite the different approaches
available, the current state of the art remains limited to two-
or three-step, coupled tethered reactions.’! This is in stark
contrast to multi-step reactions in solution, in which complex
reactions have been demonstrated ranging up to a 13-step
production of ethanol from glucose.®

Inspired by the organization of glycolytic enzymes on the
fibrous sheath of mammalian sperm,” we previously showed
that replacement of germ cell-specific targeting domains with
a bioaffinity tag provided oriented immobilization of glyco-
lytic enzymes. This translated into significant advantages in
specific activity of both individual enzymes and for sequential
reactions when compared against the same enzymes tethered
via random adsorption without a histidine tag or carboxyl-
amine chemistry®® These prior studies suggested that bio-
mimetic oriented immobilization increased the activity of
individual tethered enzymes for several reasons.

First, oriented immobilization facilitates substrate access
and required conformational changes. Indeed, contrary to
earlier reports using non-oriented attachment strategies, the
advantages of oriented enzyme immobilization were so great
that for 3 enzymes representing 3 different enzyme classes, we
found no trends in changes in ky;, ke, OF Kk ./ky When enzymes
were tethered in monolayers to nanoparticles (NPs) of
different sizes.’! It is also possible that oriented immobiliza-
tion might promote formation of catalytically active struc-
tures such as homo-dimers or -tetramers, and/or reduce
possible interference between neighboring multimers. This
possibility was suggested by advantages for oriented immobi-
lization shown by those same 3 enzymes when tethered in
multilayers,” although further studies are needed.

Here, we investigated whether the model of glycolytic
enzymes from mammalian sperm would enable us to create
tethered systems with the same degree of complexity as
biological pathways. Eleven histidine-tagged glycolytic
enzymes were engineered from mouse testis cDNA
(Table 1S in the Supporting Information), expressed in
mammalian cells, purified, and examined with Coomassie
gel staining and immunoblotting using enzyme-specific anti-
bodies and antibodies against the histidine tag (Figure 1 and
Figure 1S). Activity of the recombinant enzymes in solution
was detected using coupled reactions involving exogenous
enzymes and kinetic measurements were obtained (Table 2S
and 3S).

The composition and dimensions of the scaffold can affect
the function of tethered enzymes. In early studies, we found
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the activity of several tethered enzymes on planar surfaces
was < 10 % compared to when in solution (Figure 2S). Testing
the activity of enzymes when tethered to various scaffolds, we
found that magnetic NPs significantly reduced the activity of
certain enzymes. When comparing NPs of different compo-
sition, we found that enzymes tethered to 500 nm diameter
Ni-NTA functionalized silica nanoparticles (NPs) showed
higher specific activity than when on magnetic NPs or plain
silica NPs (Figure 2S). Although magnetic nanoparticles had
advantages in separation of the NPs from the reactions, they
tended to form aggregates, which might have contributed to
the lower specific activities (data not shown, our observation).

In preliminary studies, we divided the sequential reactions
of 10 enzymes into three subsets (Figure 2) and tested their
coupled, sequential activities by mixing enzymes in various
ratios based on their individual specific activities in solution
(Table 3S). The first reaction (reaction A) included four
enzymes, hexokinase, glucose-6-phosphate isomerase, phos-
phofructokinase, and aldolase (HK, GPI, PFK and Aldo)
tethered to the same NP, and converted glucose to glycer-
aldehyde phosphate (GAP) and dihydroxyacetone phosphate
(DHAP). Activity was measured by a change in absorbance
through the use of the exogenous enzyme, glycerol phosphate
dehydrogenase (GPDH), which converted NADH to NAD"*
(Figure 2A and Table 4S). Activity of the coupled 4-step
reaction was observed only in the presence of the initial
substrate glucose (Figure 2 A).

The second reaction (reaction B) was performed with two
tethered enzymes, glyceraldehyde-3-phosphate dehydrogen-
ase-S and phosphoglycerate kinase (GAPDHS and PGK).
GAPDHS catalyzes GAP to 1,3 bisphosphoglycerate and
converts NAD™ to NADH. PGK then catalyzes 1,3 bisphos-
phoglycerate to 3-phosphoglyceric acid (3PGA), thereby
producing ATP detected through luminescence emitted
from exogenous luciferase and luciferin (Figure 2B and
Table 4S). Both GAPDHS-NPs and GAPDHS-PGK-NPs
showed changes in absorbance (left panel) reflecting

www.angewandte.org

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Enzymes tethered on Ni-NTA-modified silica NPs performed
sequential reactions. Representative results are shown for triplicate
reactions from single protein preparations, with identical results
obtained from at least 3 preparations. a) Schematic of reaction A and
sequential enzyme activity. Absorbance values were normalized from
time O (in all panels, mean and standard deviation are shown). Results
are shown for the 4 enzymes in reaction A tethered to NPs with
glucose (A-NP +) and without added glucose (A-NP —), and for

a control with no enzymes (NP only). b) Schematic of reaction B and
corresponding sequential enzyme activity (center: change in absorb-
ance, right: ATP production). Results are shown for NPs with GAPDHS
alone (G), PGK alone (P), GAPDHS and PGK (GP), with (4) and
without (—) added GAP. c) Schematic of reaction C and sequential
enzyme activity (center: ATP production, right: change in absorbance).
Results are shown for NPs with PGAM alone (M), PGAM and ENO
(ME), PGAM-ENO-PK (MEP), and PGAM-ENO-PK-LDH (MEPL), with
(+) and without (—) added 3PCA.

GAPDHS activity. ATP production was only observed
when both enzymes were present and acting sequentially
(right panel).

The last reaction (Figure 2C) was performed with teth-
ered phosphoglycerate mutase, enolase, pyruvate kinase and
lactate dehydrogenase (PGAM, ENO, PK and LDH). In the
first three steps, the product from PGK, 3PGA, is catalyzed to
pyruvate and ATP is produced by PK. Pyruvate is then
converted to lactate by LDH coupled with the conversion of
NADH into NAD". Note that this extra-glycolytic step of
including LDH was included because NAD" would need to
be replenished to keep reaction B active. Reaction C was
monitored by both change in absorbance and ATP production
as in reaction B (Figure 2 C and Table 4S). PGAM-ENO-PK-
NPs and PGAM-ENO-PK-LDH-NPs produced ATP, reflect-
ing PK activity (left panel), but only PGAM-ENO-PK-LDH-
NPs showed change of absorbance deriving from the LDH
activity.

After analyzing the three reactions (A, B and C)
separately, we next examined whether transferring the super-
natant from one tethered reaction to the next would allow the
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entire 10-step pathway to function in series. This design also
enabled us to investigate where any potential blockages might
occur. The assay buffer for reaction A containing glucose,
ATP and MgCl, was added to the well containing HK-GPI-
PFK-Aldo-NPs. After a 30 min incubation, this supernatant
(A) was transferred to a well containing GAPDHS-PGK-NPs
and the assay buffer for reaction B, minus GAP. This
supernatant (AB) was then transferred to the well containing
PGAM-ENO-PK-LDH-NPs and reagents for reaction C,
minus 3PGA. We quantified lactate production from each
supernatant (A, AB, and ABC). As a control to ensure that
the initial substrate of glucose was in fact being acted upon by
the enzymes in reaction A, and not downstream enzymes or
intermediates, we performed the same steps as above, but
with no enzymes attached to the NPs in reaction A. That is, we
added the reaction mix for reaction A to reaction B, and then
the supernatant of that reaction to reaction C. The resulting
supernatant, BC, did not show lactate production (Figure 3).

supernatant

supernatant

supernatant

Reaction B

Reaction A Reaction C

=
o
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» o (o]
L

lactate production (uM)
N
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A AB ABC BC
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Figure 3. Lactate production from 10 tethered enzymes. a) Schematic
of experimental design. b) A lactate quantification assay was per-
formed on various supernatants. A: reaction A; AB: reactions A and B;
ABC: reactions A, B and C; BC: control in which reaction buffer and
reagents from reaction A (no tethered enzymes), were added to
reactions B and C, showing that lactate production required metabo-
lism of the glucose in reaction A. Columns represent means and
standard deviations (n=3).

These results demonstrate that glucose was sequentially
metabolized by all ten tethered enzymes to yield a final
product of lactate. To the best of our knowledge, this is the
first demonstration of reconstitution of a physiological meta-
bolic pathway in vitro on scaffolds through the use of
genetically engineered, tethered enzymes.

Enzyme reaction kinetics are often studied and discussed
as simplified models assuming thorough mixing in solution. In
both cells and in hybrid organic-inorganic devices, this
assumption is not always valid. Enzymes and the pathways
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in which they function are often compartmentalized to
specific sub-cellular regions or functional domains in
a device. Positive effects, such as substrate channeling, can
be provided from this organization. However, negative
effects, such as diffusion of intermediates away from subse-
quent steps of the reaction, can also occur.

To investigate the impact of tethering on the coupled
enzyme reactions, we compared the overall reaction efficacy
of tethered enzymes vs. enzymes free in solution. We made
these comparisons between two single microplate wells, one
containing all ten enzymes tethered versus one with all ten
enzymes in solution. We quantified glucose consumption and
lactate production at three different time points using
enzyme-based colorimetric assays. Values for tethered vs.
free enzymes were calculated in nanomol (nmol)/micrograms
of protein. Note that for each protein, the ratios of protein in-
solution vs. when tethered were similar according to densi-
tometry analysis (Figure 3S), with the exception of relatively
increased binding for PFK and ALDO in reaction A, which
had no deleterious effect on that coupled reaction. To confirm
and quantify lactate production by another method, we
performed LC-MRM (Liquid Chromatography-multiple
reaction monitoring) analysis of lactate, using “C-lactate as
an internal standard. Comparison of results obtained with the
two methods showed high correlation, with an R? value > 0.99
(Figure 4¢). As expected given the enhanced access to
substrate from all sides and freedom to undergo needed
conformational changes, enzymes in solution showed signifi-
cantly higher glucose consumption (Figure 4b) and lactate
production (Figure 4c¢) at these time points.

However, of great interest, the tethered enzymes showed
a significantly higher efficiency of lactate produced from each
nmol of glucose consumed (Figure 4d). This demonstrates
that flux through the entire system was more efficient for the
tethered enzymes. In biological systems, several mechanisms
of substrate channeling have been described,” with demon-
strations that intermediates can move within the hydration
shells around adjacent proteins, and that other intervening
proteins can provide a hydration bridge.’**!"! Such models
are highly compatible with our data, in which multiple
enzymes were tethered to single NPs.

In nature, it is well established that the fifth enzyme of
glycolysis, TPI, is essential for conversion of DHAP to GAP,
leading to downstream doubling of ATP production. How-
ever, we found that TPI, without exception, had enhanced
catalysis of GAP to DHAP (in solution: Table 3S, tethered:
Figure 4S), a phenomenon which has been well documented
with both cell extracts and free enzymes."? Although
production of DHAP might be useful for other biosynthetic
pathways, here it prevented net production of ATP by not
providing a second molecule of GAP to proceed through
glycolysis. Further studies of regulation of TPI in highly
glycolytic cells are needed to understand how cells regulate
production of ATP vs. DHAP.

The elegant high-throughput glycolytic system in mam-
malian sperm provided inspiration for overcoming the
challenges of retaining enzyme function when tethered,
enabling a three-fold jump in complexity of sequential
tethered reactions over prior reports. Our new findings
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Figure 4. Conversion of glucose to lactate using 10 sequential enzyme
reactions on NPs. a) Schematic of experimental design. In panels (b),
(c), and (d), open bars show results for enzymes in solution; black
bars show results for tethered enzymes. b) Glucose consumption over
time, calculated as nmol glucose that were enzymatically reacted
upon/ug of enzyme. c) Lactate production over time, calculated as
nmol lactate produced/ug of enzyme. d) Lactate production efficiency,
calculated as the percentage of the amount of lactate produced over
the amount of glucose consumed (nmolug™' of lactate)/(nmolpg™" of
glucose). N=12, mean + SEM, *p=0.0038, **p=0.0013,
##%p=0.0012. e) Lactate production as measured by LC-MRM. Black
columns show lactate concentrations measured by lactate oxidase
enzymatic assay, and white columns show values obtained by LC-
MRM. The inset graph shows the correlation between the enzyme
based assay and LC-MRM. R*=0.991.

create a foundation demonstrating that complex biological
systems can be integrated into hybrid organic-inorganic
devices, enabling other advantages of tethering such as
spatiotemporal control of the reactions, and improved
stability.®>! Future applications for tethered enzymes range
from in vivo (e.g. provision of metabolic functions, drug
delivery), to in vitro (e.g. enzymatic detection of disease
biomarkers), while enabling investigation of fundamental
principles of regulation of enzyme biochemistry.
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