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ABSTRACT: Multienzyme complexes are of paramount
importance in biosynthesis in cells. Yet, how sequential
enzymes of cascade catalytic reactions synergize their activities
through spatial organization remains elusive. Recent develop-
ment of site-specific protein—nanoparticle conjugation techni-
ques enables us to construct multienzyme assemblies using
nanoparticles as the template. Sequential enzymes in
menaquinone biosynthetic pathway were conjugated to
CdSe-ZnS quantum dots (QDs, a nanosized particulate
material) through metal-affinity driven self-assembly. The
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assemblies were characterized by electrophoretic methods, the catalytic activities were monitored by reverse-phase
chromatography, and the composition of the multienzyme—QD assemblies was optimized through a progressive approach to
achieve highly efficient catalytic conversion. Shorter enzyme—enzyme distance was discovered to facilitate intermediate transfer,
and a fine control on the stoichiometric ratio of the assembly was found to be critical for the maximal synergy between the
enzymes. Multienzyme—QD assemblies thereby provide an effective model to scrutinize the synergy of cascade enzymes in

multienzyme complexes.

B INTRODUCTION

Multienzyme complexes are prevalent nanomachines in nature
that catalyze enzymatic conversions of sequential reactions. In
these complexes, cascade enzymes, each dedicated to a single
catalytic activity in sequential chemical conversions, are often
assembled into sophisticated three-dimensional structures with
nanosizes and well-controlled geometries.' > Representative
examples of multienzyme nanomachines are cellulosomes,
which contain multiple catalytic modules assembled on the
protein scaffolding which orchestrate the deconstruction of
cellulose and hemicellulose.®” Spatial proximity synergizes the
activities of cascade enzymes, which is manifested by the
elevation of the overall efficiency of substrate catalysis and
product generation as well as a fine-control of the intermediate
flux. Intrigued by nature’s design of multienzyme architectures,
chemists and metabolic engineers construct artificial multi-
enzyme complexes by harnessing specific and noncovalent
biorecognitions.® > For example, cascade enzymes have been
assembled on artificial scaffolding or synthetic scaffold proteins
through protein—protein 1nteract10ns,16 ' on DNA templates
through protein—DNA interactions,”* >* on chemical scaffolds
through bioconjugation reactions,**>® or alternatively, enzyme
proximity has been realized by physical compartmentaliza-
tion.””*®

Nanoparticles can also serve as a valid template for protein
assembly. In particular, CdSe—ZnS core/shell quantum dots
(QDs) with diameter ranging 3—5 nm can site-specifically bind
to proteins and form larger nanosized assemblies with a protein
corona resembling multienzyme complexes.””™>” Through the
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high-affinity metal—hexahistidine peptide interaction, around
16 to 20 histagged enzymes can bind to and cover the surface of
QDs in 2 grogrammable manner under physiological
condition.>®* ** The protein—QD assemblies remain soluble
as monodisperse nanoparticles in solution, are highly stable for
a considerably long period of time, and can resist the
displacement of competing molecules.*"** The special proper-
ties of metal-affinity driven assembly then intrigued us to
investigate the use of QDs as the core to assemble cascade
enzymes; the multienzyme—QD assemblies will allow us to
simulate natural multienzyme complexes and to investigate how
spatial organization affects cascade catalysis (Figure 1A). Here
we chose menaquinone biosynthetic enzymes for assembly.
Menaquinones, ak.a. vitamin K2, are a group of molecules with
a common 2-methyl-1,4-naphthoquinone structure.”** In E.
coli, a series of enzymes, collectively called menaquinone
biosynthetic enzymes, are responsible for the synthesis of
menaquinone (Figure 1B). The ﬁrst enzyme, MenF, isomerizes
chorismate to isochorismate,***® and MenD (dependent on
thiamine diphosphate coenzyme) catalyzes a Stetter-like
conjugate addition of a-ketoglutarate with isochorismate to
form 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexadiene-1-
carboxylate, SEPHCHC.*”** SEPHCHC then undergoes
pyruvate elimination catalyzed by MenH to give 2-succinyl-6-
hydroxy-2,4-cyclo-hexadiene-1-carboxylate, SHCHC,*”*® which
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Figure 1. Construction of multienzyme—QD assemblies to mimic multienzyme complexes. (A) QD-hexahistag affinity drives the site-specific
assembly of enzymes on the surface of QDs. (B) Cascade enzymes in menaquinone synthetic pathway catalyze sequential conversion of chorismate.
The structures of MenF, MenD, and MenH were drawn based on their crystal structures (PDB IDs 2EUA, 2JLC, and 2XMZ)*'™>* and color coded,

respectively.

finally leads to menaquinol through several additional
enzymatic steps. MenF, MenD, and MenH are particularly
suitable candidates for multienzyme assemblies. First, they have
been expressed as soluble proteins through recombinant
technology, and their crystal structures are all available.®'~>*
Also there is no interaction between the three enzymes in
solution (see Supporting Information for details). Second, the
substrate, intermediates, and products (i.e, chorismate,
isochorismate, and SHCHC) have distinct retention times in
reverse-phase HPLC.*7>° Also important, these molecules
carry negative charges which abolishes any nonspecific
interaction with the negatively charged surface of ZnS-CdSe
QDs. Therefore, we recombinantly expressed MenF, MenD,
and MenH and assembled them with QDs through metal-histag
affinity driven self-assembly to probe how cascade enzymes
work synergistically as a nanoparticle assembly (Figure 1).

B RESULTS AND DISCUSSION

Programmable Assembly of Enzymes on QDs. MenF,
MenD, and MenH carrying hexahistidine tags (i.e., histags)
were cloned, expressed, and purified to homogeneity (Figures
S1 and S2 and experimental details can be found in the
Supporting Information).**~>* Histag was fused at the N
termini of all the enzymes, because this position is distant from
the active site based on their crystal structures (Supporting
Information Figure $3).3'7%* We then examined the formation
of enzyme—QD assemblies between the purified MenF, MenD,
and MenH and CdSe-ZnS QDs. Oligohistidine has been shown
to bind to the surface of glutathione-stabilized CdSe-ZnS core/
shell QDs with high affinity and specificity by displacing

surface-bound glutathione molecules. *4555¢ Through this
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ligand exchange process, histagged fluorescent proteins and
functional receptors have been stably presented on the surface
of QDs without loss of function.”*?"*"** We and others have
demonstrated that statistically a QD nanoparticle can
accommodate 16 to 20 protein molecules on its surface.***
To confirm the capability of QDs in accommodating the
menaquinone biosynthetic enzymes, we incubated CdSe-ZnS
QDs (having a diameter of 3.5 nm and maximal emission
wavelength of 565 nm) and enzymes in S- to 20-fold molar
excess and then analyzed by electrophoresis. Agarose gel
electrophoresis could resolve enzyme—QD complexes from the
free QDs as enzyme—QD assemblies migrate much more
slowly than free QDs in gel. The mobility of the assemblies
correlated with the average number of proteins per QD
particle; increasing stoichiometry n of the protein in
(protein),—QD assembly leads to correspondingly slower
mobility. We have observed that when the ratio of enzyme to
QDs reached 15:1, further increase of the enzyme/QD ratio
(e.g., higher than 20:1) did not cause a shift of the QD-enzyme
band, indicating that the surface of QDs reached saturation at
enzyme/QD molar ratio above 15:1 (Figure 2). Staining the
agarose gel with Coomassie dye verified that at protein/QD
molar ratio below 15:1, all the enzymes are involved in
assembly formation under this condition (therefore, the only
enzyme species in the solution is enzyme—QD assemblies)
(Supporting Information Figure $4). Notably, the assembly of a
heterologous mixture of the enzymes on QDs followed the
same saturation trend. When MenF and MenD at equimolar
ratio were mixed with QDs, saturation was also observed at the
stoichiometry of total protein (MenF + MenD) above 15. The
same trend was also observed in the three-enzyme assembly
system (MenF + MenD + MenH + QDs) (Supporting
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Figure 2. Enzyme—QD assembly probed by agarose electrophoresis.
His-tagged MenF enzyme was incubated with QDs at indicated ratios
to give the assemblies, and the assemblies were resolved in agarose gel
by electrophoresis at 4 °C and imaged under UV. (MenF),;-QD
assembly showed similar mobility as (MenF),;-QD assembly,
indicating that saturation of surface binding sites of QDs was achieved
at 20:1 ratio.

Information Figure SS). Therefore, consistent with previous
reports,38_42 a QD (3.5 nm in diameter) can accommodate at
least 15 enzyme molecules, despite that the enzymes are
different in size and electrostatic property. In the following
study a maximum ratio of 15:1 was then used for multi-
enzyme—QD assembly. Capillary electrophoresis coupled with
fluorescence detection (CE-FL) was employed to verify the
dispersity and solubility of the particulate assemblies (Support-
ing Information Figure $S6).°° The mobility of enzyme—QD
species changes with increasing enzyme/QD ratio, and no
precipitation was observed in CE-FL (Supporting Information
Figure S7).

HPLC Monitoring of the Reaction Progress. The
substrates and products involved in MenF, MenH, and
MenD catalyzed reactions (i, chorismate, isochorismate,
and SHCHC) can be well resolved on reverse-phase HPLC
due to their different retention times on C18 column.*~>°
Chorismate, isochorismate, and SHCHC were eluted at 8.52,
7.83, and 4.20 min, respectively (Figure 3). The product of
MenD, SEPHCHC, does not have absorption at UV—vis range,
precluding it from direct monitoring by HPLC. But it is known
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Figure 3. HPLC separation of chorismate, isochorismate, and
SHCHC. The detection wavelength of chorismate and isochorismate
was set to 278 nm, and the detection wavelength of SHCHC was set at
290 nm.

though that through alkaline treatment, SEPHCHC can be
quantitatively converted to SHCHC, which can be visualized on
HPLC at 290 nm.*” We then utilized this treatment to monitor
the reaction from isochorismate to SEPHCHC catalyzed by
MenD.

Enzyme—QD Assembly v Free Enzymes. We next set
out to examine the catalytic activity of enzyme—QD assemblies.
Initially, we fixed the enzyme to QD molar ratio to 5:1. MenF
catalyzes the conversion of chorismate to isochorismate, which
reaches equilibrium with an isochorismate/chorismate ratio
around 3:1. MenF—QD assemblies 1b (S:1 ratio) showed a
similar reaction rate to free MenF la with apparent rate k,,,
values measured at 0.11 min™' and 0.12 min™" respectively
(Figure 4A). As la and 1b contain the same amount of enzyme
MenF, this indicates that complexation with QDs did not affect
the catalytic activity of MenF. Similarly, site specific conjugation
with QDs did not affect the catalytic activity of MenD and
MenH (Supporting Information Figure S8). We then mixed
two enzymes MenF and MenD with QDs to form bienzyme—
QD assemblies. As MenD converts isochorismate (the product
of MenF) to SEPHCHC nonreversibly, we assembled MenF
and MenD at 1:1 ratio on QDs (2b) with a final total protein-
to-QD ratio of 5:1 (or MenF/MenD/QDs = 2.5:2.5:1).
Aliquots were taken every 15 min, the reactions were stopped,
the product SEPHCHC was quantitatively converted to
SHCHC through alkaline treatment, and the amount of
SHCHC was then quantified by HPLC to indicate the quantity
of the product SEPHCHC. We observed that MenF/MenD
bienzyme—QD assemblies 2b showed slower product con-
version than free enzymes in solution (2a) (Figure 4B). The
same trend was also observed in trienzyme system including
MenF, MenD, and MenH (MenF/MenD/MenH/QDs =
1.67:1.67:1.67:1; total protein-to-QD ratio also set to S:1).
MenF converts chorismate to isochorismate; MenD converts
isochorismate to SEPHCHC and finally to SHCHC by MenH.
Trienzyme—QD assembly (3b) showed a slower conversion of
chorismate to SHCHC than free enzymes 3a in solution
(Figure 4C). We reasoned that intermediate transportation
limited chemical conversion in cascade reactions of multi-
enzyme assemblies. At 5:1 protein-to-QD ratio, assuming the
out-layer of the assemblies has a diameter of 5 nm and each QD
has an average of S proteins, the distance between the active
sites can be estimated to be around 8 nm (Supporting
Information Figure S9). For reactions catalyzed by free
enzymes in solution, intermediate molecules diffuse between
the protein entities driven by Brownian motion to reach the
next catalytic site. In multienzyme complexes, besides
interassembly diffusion (the assemblies, 100 times larger than
single proteins, will deter interassembly diffusion), intermediate
transportation between actives within the same assembly might
be a bottleneck of the overall cascade reaction.

Shortening Enzyme—Enzyme Distance. To improve
intra-assembly transportation, we sought to shorten enzyme—
enzyme distance in the multienzyme—QD assemblies. Increas-
ing enzyme-to-QD ratio will increase the density of the
enzymes on the surface of QDs, which thereby lowers enzyme—
enzyme distance within each assembly. We then constructed
bienzyme—QD assemblies with the ratio of MenF/MenD/QD
being 2.5:2.5:1 (4a, n = 5), 5:5:1 (4b, n = 10), and 7.5:7.5:1
(4¢, n = 15), respectively (Figure SA). The total amounts of the
enzymes were kept the same while the quantities of QDs were
reduced to result in higher ratios of total enzyme to QDs.
Higher enzyme density, despite the same amount of the
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Figure 4. Enzyme—QD assemblies were catalytically active. (A) Comparison of the catalytic rate of QD-complexed MenF with that of free MenF,
measured by isochorismate:chorismate ratio. (B) Comparison of the catalytic rate of QD-complexed MenF and MenD (MenF/MenD/QDs =
2.5:2.5:1) with that of free MenF and MenD mixture, measured by the production of SEPHCHC. (C) Comparison of the catalytic rate of QD-
complexed MenF, MenD, and MenH (MenF/MenD/MenH/QDs = 1.67:1.67:1.67:1) with that of free MenF, MenD, and MenH mixture, measured
by the production of SHCHC. The total amount of enzyme(s), volume of the reaction solution, and the initial concentration of chorismate were the

same in all the experiments.
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Figure S. Catalytic efficiency of multienzyme—QD assemblies correlated with enzyme—enzyme distance. (A) MenF/MenD bienzyme—QD
assemblies of low (4a, n = S), intermediate (4b, n = 10), and high (4c, n = 15) density exerted increasing catalytic efficacy. The production of
SEPHCHC was measured by the amount of SHCHC after quantitative conversion of SEPHCHC by an alkaline treatment. (B) MenF/MenD/
MenH trienzyme—QD assemblies of low (Sa, n = §), intermediate (Sb, n = 10), and high (Sc, n = 15) density exerted increasing catalytic efficacy. In
all the experiments, the total amounts of the enzymes, volumes of the reaction solutions, and the initial concentrations of chorismate were all the
same; only the amounts of QDs were adjusted to result in different enzyme/QD ratios.

enzyme employed, improved the overall production of
SEPHCHC with an order of 4c > 4b > 4a (Figure SA).
Assuming in assembly 4a that the distance between each active
site is estimably 8 nm, in 4b and 4c, we estimated the
interenzyme distances decreased to 5.6 and 4.6 nm, respectively
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(Supporting Information Figure S9). The activity increase was
also observed in MenF/MenD/MenH trienzyme—QD assem-
blies (Figure SB). Increasing the ratio of total enzyme to QDs
from Sa (n = S), to Sb (n = 10), and to 5c (n = 15) markedly
increased the production rate of SHCHC. Therefore,
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Figure 6. Composition of the enzymes in the assemblies drastically affected the catalytic efficacy and intermediate flow. (A) Schematic illustration of
three multienzyme—QD assemblies with excess MenH (6a), MenD (6b), and MenF (6c), respectively. (B) Product (SHCHC) generation catalyzed
by the three assemblies. (C) Substrate (chorismate) consumption catalyzed by the three assemblies. (D) Intermediate (isochorismate) accumulation
catalyzed by the three assemblies. The total amounts of the enzymes and QDs, volumes of the reaction solutions, and the initial concentrations of

chorismate were all the same in 6a, 6b, and 6c.

decreasing enzyme—enzyme distances in the QD-templated
assemblies facilitated the intra-assembly transfer of the product
of a catalytic conversion to the next cascade enzyme.
Multienzyme complexes in nature often employ the same
strategy, i.e., close alignment of cascade enzymes, to assist the
substrate transfer between different active sites; increasing the
efficiency of production pipeline promotes the production
conversion and avoids the accumulation of the intermediates in
proximity to the complexes, which often poses inhibitory or
toxic effects.

Controlling the Intermediate Transportation. We then
adjusted the composition of the enzymes in the assemblies to
achieve effective transportation of the intermediate in the
cascade reaction. With the ratio of total enzyme to QD fixed at
15:1, we increased the weight of MenH, MenD, and MenF,
respectively, which gave three assemblies 6a, 6b, and 6¢ (Figure
6A). Assembly 6¢, with 4-fold excess of MenF, exhibited the
highest production of SHCHC, whereas assemblies 6a and 6b
are much slower, despite the same amount of total enzymes and
QDs present in all the assemblies (Figure 6B). The apparent
rate of assembly 6¢ (kapp = 0.059 min~') is 3.5 times higher
than 6a and 6b (0.017 and 0.016 min~', respectively).
Assembly 6c produced 4.2 times and 3.8 times more
SHCHC than assemblies 6a and 6b, respectively, after 45
min. This was also consistent with the rapid consumption of
chorismate by 6¢ (Figure 6C). Chorismate was completely
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consumed after 45 min, which corresponded well with the time
the content of SHCHC reached plateau. The clustering of
MenD and MenH lead to efficient conversion of isochorismate
to SEPHCHC and to SHCHC, as the production of SHCHC
corresponds to the immediate consumption of chorismate. We
also measured the change of the intermediate isochorismate in
the three reaction systems (Figure 6D). In the case of
assemblies 6a and 6b, there was no accumulation of
isochorismate, which seemed to be rapidly converted in the
downstream reactions. However, in the case of assembly 6¢, we
observed a peak level of isochorismate at 15 min which
declined to zero at 45 min. This indicated that 4-fold excess of
MenF provided sufficient amount of isochorismate for
downstream intraparticle enzymes to process in this system,
and the nanomachine was functioning at its maximal potency.
To further elaborate the effect of intraparticle intermediate flow
versus interparticle transfer (Supporting Information Figure
S10), we constructed enzyme—QD mixture systems by mixing
preformed MenF—QD, MenD—QD, and MenH—QD assem-
blies at the same ratio as in Figure 6. The product of MenF—
QD must reach MenD—QD and then MenH—QD for catalysis
through interparticle transfer in mixture systems 7a—7c,
whereas in multienzyme assembly 6a—6c¢ both intra- and
interparticle intermediate flow are possible. We observed that
the substance profile catalyzed by the mixture systems markedly
differed from that catalyzed by the multienzyme assemblies

dx.doi.org/10.1021/bc5002399 | Bioconjugate Chem. 2014, 25, 1387—1394
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Figure 7. Profiling cascade catalysis by enzyme—QD mixture systems. (A) MenF—QD, MenD—QD, and MenH—QD assemblies were preformed
and then mixed to give three mixture systems 7a, 7b, and 7c. (B) Product (SHCHC) generation catalyzed by the three mixture systems. (C)
Substrate (chorismate) consumption catalyzed by the three mixture systems. (D) Intermediate (isochorismate) accumulation catalyzed by the three
mixture systems. The total amounts of the enzymes and QDs, volumes of the reaction solutions, and the initial concentrations of chorismate were all
the same in 7a, 7b, and 7c.The mixture system 7a has identical amounts of MenF, MenD, MenH, and QDs as 6a, and analogously 7b as 6b, and 7c

as 6c¢.

(Figure 7), despite their identical compositions in each pair.
For example, a significant amount of isochorismate accumu-
lated in the mixture systems 7a and 7b, but not in the
corresponding multienzyme assemblies 6a and 6b (Figure 7D).
This suggests that intraparticle substance flow likely plays an
instrumental role in multienzyme assemblies. It also suggests
that forming multienzyme complexes in nature might avoid
undesired buildup of intermediates, which are often toxic to the
cellular environment during biosynthesis.

B CONCLUSION

Many enzymes, in particular, those involved in catalyzing
sequential chemical conversions in biosynthetic or metabolic
pathways are not standalone in solution; instead, they often
form clusters as multienzyme complexes to achieve a tight
control on substrate consumption, intermediate flux, and
production generation.l_5 Promoting proximity of active sites
that catalyze sequential chemical steps in limited space and
dimension represents one common strategy that multienzyme
complexes employ to speed up chemical reaction. Here we
report a templated assembly of multiple copies of menaquinone
biosynthetic enzymes on nanoparticle QD scaffolds enabled by
site-specific assembly of histagged proteins on CdSe—ZnS QDs.
By constituting multienzyme—QD assemblies with different
combinations of MenF, MenD, and MenH and QDs, we
manifested a progressive approach that eventually realized
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control on substrate consumption, intermediate accumulation,
and product generation. We discovered that the catalytic
efficacy of multienzyme—QD is predominantly dictated by
enzyme—enzyme distance, and an appropriate stoichiometry of
the enzyme assembly is critical to yield optimal intermediate
transportation to facilitate the cascade catalysis.

Despite its similarity with natural complexes, multienzyme—
QD assembly has its limitation. First, the QD-centered
assemblies are globular in shape with all the active sites
displayed on the exterior of the particle, much like the
architecture of pyruvate dehydrogenase complex, but the
architectures of natural multienzyme complexes are not limited
to globular shape, and even include sophisticated substructures
such as substrate channels and intermediate highways.>”®
Second, protein—QD assembly allowed us to freely adjust the
stoichiometry of each enzyme in the assembly, but the final
ratio within each assembly is only statistical. Nevertheless, our
work manifested a new use of protein—nanoparticle con-
jugation techniques, and provided a convenient system to
investigate the clustering effect of enzymes, which nature often
harnesses to achieve regulation through enzyme complexation,

compartmentalization, and membrane-embedment.
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