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Abstract: A strategy for scaffold-free self-assembly of multiple
oligomeric enzymes was developed by exploiting enzyme
oligomerization and protein—protein interaction properties,
and was tested both in vitro and in vivo. Octameric leucine
dehydrogenase and dimeric formate dehydrogenase were fused
to a PDZ (PSDY95/Dlgl/z0-1) domain and its ligand, respec-
tively. The fusion proteins self-assembled into extended
supramolecular interaction networks. Scanning-electron and
atomic-force microscopy showed that the assemblies assumed
two-dimensional layer-like structures. A fluorescence comple-
mentation assay indicated that the assemblies were localized to
the poles of cells. Moreover, both invitro and in vivo
assemblies showed higher NAD(H) recycling efficiency and
structural stability than did unassembled structures when
applied to a coenzyme recycling system. This work provides
a novel method for developing artificial multienzyme supra-
molecular devices and for compartmentalizing metabolic
enzyme cascades in living cells.

The construction of multiprotein supramolecular systems
which self-assemble in predetermined ways is of broad
interest owing to its potential applications in synthetic
biology, nanotechnology,! and multienzyme biocatalysis.”
Multienzymatic pathways in living systems are often segre-
gated into microcompartments or organized as clusters.””) This
spatial ordering leads to more stable structures and facilitates
substrate channeling between enzymes, thus resulting in
increased yields from reactions.”! Many artificial multien-
zyme assembly strategies exist, including enzyme fusion,
scaffold-mediated enzyme colocalization, and enzyme poly-
merization induced by small molecules.[>

Many known multienzyme cascades involve oligomeric
enzymes, however, most available methods are difficult to
adapt to their assembly, especially for enzymes with more
than two subunits. The simplest way to construct a self-
assembling complex is by enzyme fusion, which often results
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in the inclusion of inactive bodies or decreased enzymatic
activity.*” Scaffold-mediated methods may fail since each
enzyme can be tethered by several scaffolds, while each
scaffold might link multiple enzymes,” thus producing large,
unstable, and disordered complexes. The random crosslinking
between oligomers and scaffolds can also lead to steric
hindrance between enzymes in a cascade, thereby weakening
the effect of substrate channeling. Thus, better methods for
promoting the self-assembly of multiple oligomeric enzymes
are needed.

Construction of supramolecular assemblies using oligo-
mer-to-multimer strategies, such as enzyme nanorings,®! has
been attempted, but most approaches have focused on the
assembly of a single oligomeric enzyme in vitro. In this study,
a strategy for the scaffold-free self-assembly of multiple
oligomeric enzymes was demonstrated in vitro and in vivo by
combining the enzyme property of homologous oligomeriza-
tion and the heterogeneous high-affinity interaction between
a protein domain and ligand.

Efficient regeneration of costly cofactors, which are
essential for large-scale biotransformation using NAD(P)H-
dependent oxidoreductases, represents a significant challenge
in biosynthesis.”! An effective strategy for facilitating cofactor
regeneration insitu is to spatially bring together those
oxidoreductases with the cofactor-regenerating dehydrogen-
ases in a highly controlled manner."") However, a regeneration
system which can self-assemble has not been developed thus
far. Therefore, octameric leucine dehydrogenase (LDH) from
Bacillus subtilis BEST7613 and dimeric formate dehydrogen-
ase (FDH) from Lodderomyces elongisporus NRRL YB-
4239, which constitute an NAD(H) recycling system for the
production of L-tert-leucine,'!! were selected as a technolog-
ically relevant model for scaffold-free self-assembly of multi-
ple oligomeric enzymes.

The strategy for the self-assembly of octameric LDH and
dimeric FDH in vitro and in vivo is outlined in Figure 1. The
PDZ (PSD95/Dlgl/zo-1) domain and corresponding ligand
(PDZlig) from metazoan cells® were selected for the LDH
and FDH interaction interface. The PDZ domain and PDZlig
were fused to the C-termini of LDH and FDH, thus yielding
LDH-PDZdomain (LPd) and FDH-PDZlig (FPl), respec-
tively (Figure S1B,C in the Supporting Information). To
ensure complete accessibility of the PDZ domain and to
prevent interactions between adjacent PDZ domains, a 5 nm
rigid o-helical ER/K motif™” was used to link the LDH
subunit to the PDZ domain. It was predicted that after
homologous oligomerization, FPls would connect LPds to
form multienzyme supramolecular devices (LPd-FP1 MESDs)
when the two molecules were mixed in vitro or co-expressed
in vivo.
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Figure 1. Strategy for the in vitro and in vivo self-assembly of octameric LDH and dimeric FDH. The scheme at the top right shows the putative
reaction mechanism for the conversion of trimethylpyruvic acid (TMP) into L-tert-leucine catalyzed by assembled LDH and FDH. FA=ammonium

formate.

The invitro self-assembly system was constructed by
expressing LPd and FPl in Escherichia coli BL21 (DE3) and
purifying the proteins by nickel-chelating affinity chromatog-
raphy. Both LPd and FP1 were expressed in soluble form and
retained almost all of the specific activity of the respective
unfused proteins (see Figure S2), thus indicating that protein
structures were not appreciably compromised by the fusion.
The self-assembly was triggered by the mixture of purified FP1
and LPd. The sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis and dynamic light
scattering (DLS) measurements (see Figure S3 A,B) showed
that most of the FPIs and LPds would be converted into LPd-
FPl MESDs when the molar ratio of [FPI subunit] to [LPd
subunit] was 1:1. Given this interaction,™ the conversion of
the assembly was almost unchanged when the ratio was
greater or less than 1:1 (see Figure S4). The hydrodynamic
diameter of protein in the mixture increased rapidly over
time, and the bulk solution gradually changed from a clear to
a white, turbid solution in 20 minutes (Figure 2Ab). The
kinetics of the supramolecular assembly were determined by
DLS measurements (Figure 2B).
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Figure 2. A) The solution states of pure LPd (a), the mixture of LPd
and FPI at 20 min after mixing (b), and pure FPI (c) are shown.

B) Dynamic light scattering analysis of the hydrodynamic diameter of
pure LPd, pure FPI, and the mixture of LPd and FPI (LPd+FPI) at 4, 7,
and 10 min after mixing ([FPI subunit]/[LPd subunit]=1:1, 5 um).
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Figure 3. Structures of LPd and FPI self-assembled in vitro. Represen-
tative images from A) field-emission scanning electron and B) tapping-
mode atomic-force microscopy. Results from the height assay are
shown to the right; nanolayers had a height of approximately 12.8 nm.
Scale bar=200 nm. Samples were prepared at 20 min after mixing LPd
and FPI ([FPI subunit]/[LPd subunit]=1:1, 5 um).

The morphology and structure of LPd-FP1 MESDs were
visualized by field-emission scanning electron and tapping-
mode atomic-force microscopy. Images acquired by the
former method showed LPd-FP1 MESDs as highly ordered
two-dimensional layer-like structures with diameters ranging
from 100 to greater than 500 nm (Figure 3A). A similar
structure was observed by atomic-force microscopy, which
revealed that the nanolayers were about 12.8 nm in height
(Figure 3B), which is in agreement with the value of 13 nm for
naturally occurring LDH. The size of LPd-FP1 MESDs was
increased with increasing protein concentration from 1 to
5 uM (see Figures S3 C and S4). These results confirmed LPd-
FP1 MESD formation in vitro and showed that the interaction
between dimeric FP1 and octameric LPd molecules could be
used to drive the growth of a supramolecular interaction
network along a single plane.

To examine the effect of self-assembly on coenzyme
regeneration efficiency, the biosynthesis of L-tert-leucine was
catalyzed by LPd-FPl MESDs, with equal amounts of
unassembled LDH and FDH used as a control. The reactions
were performed at different NAD™ concentrations for 1 hour,
and the corresponding conversion ratios are summarized in
Figure 4 A. Although the LPd-FP1 MESDs exhibited only
slightly higher NAD(H) recycling efficiency than unassem-
bled LDH and FDH at high NAD" concentration (more than

Angew. Chem. 2014, 126, 1425114254


http://www.angewandte.de

A 504 B [ Assembled
= __100 28 unassembled
< 401 s £
= 304 2 60
H k1]
.g ©
2 20 2 40
% —=— Assembled 5 20
© 104 —o— Unassembled &
0
5 100 150 200 2 6 10 18

Concentration of NAD (M)

Time (days)

Figure 4. A) The conversion ratio for the first hour of L-tert-leucine-
synthetized reactions catalyzed by LPd-FPI MESDs (5 pm) formed in
vitro (assembled; black line) or by equal amounts of unassembled
LDH and FDH (unassembled; red line) at various NAD" concentra-
tions. B) Storage stability of LPd-FPI MESDs formed in vitro (assem-
bled; solid bars) or unassembled LDH and FDH (unassembled;
hatched bars). Data represent the mean +standard deviation of three
measurements. Initial activity was defined as 100%.

100 um), the cofactor-recycling frequency (TOF) of the LPd-
FPI MESDs was increased from 516 h™! to 1007 h™! at 10 um
of NAD" (see Table S1), and the conversion ratio for the first
hour of the reaction was also increased by approximately
twofold (Figure 4 A). The saturated conversion of the reac-
tion occurred at 50 um of NAD™ for the LPd-FPl MESDs and
at 200 uM of NAD™ for unassembled LDH and FDH because
of NAD(H) saturation. In this case, the LPd-FPl MESDs and
the unassembled LDH and FDH reached the maximum
conversion ability of LPd and LDH (see Figure S2C),
respectively. Furthermore, compared to unassembled LDH
and FDH, the final conversion ratio was increased and the
reaction time was significantly shortened for the LPd-FPI
MESDs at low NAD™ concentrations (see Figure S6). These
results suggest that transfer channeling for NAD(H) occurred
between LPd and FP1 in LPd-FPI MESDs at a low concen-
tration of NAD* (10 um),l¥! that is, when one NADH was
transformed into NAD" by LPd for the synthesis of L-fert-
leucine, the NAD" was immediately transferred to the
adjacent FPl for NADH regeneration and vice versa, thus
resulting in higher cofactor recycling efficiency.

The stability of multienzyme assemblies is a key factor for
their widespread application in synthetic biology and bioca-
talysis or for their use as biosensors. The stability of LPd-FPI
MESDs was thus evaluated by various assays. Compared to
unassembled LDH and FDH, LPd-FPl MESDs had higher
thermal stability, broader pH tolerance (see Figure S7), and
higher storage stability: 50 % of the initial activity of LPd-FP1
MESDs was retained after storage at 4°C for 18 days, and was
about threefold higher than that observed for unassembled
LDH and FDH (Figure 4B). The improvement in structural
stability could have been a result of the formation of precise
supramolecular structures which restricted conformational
changes in LPd and FPIl during storage or exposure to
different pH and temperature conditions.!'*!

In vivo self-assembly was tested by co-expressing LPd and
FPlin E. coli BL21 (DE3) and evaluating enzyme activity. FPI
was present in both the precipitate and supernatant of the cell
lysates, but LPd was confined almost exclusively to the
precipitate (see Figure S8B). When used for L-fert-leucine
biosynthesis, the precipitate had a conversion ratio of 80 %
after a 5h reaction while the supernatant had negligible
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Figure 5. A) Image acquired by field-emission scanning electron mi-
croscopy of LPd and FPI self-assembled in vivo. Scale bar=2 pm.

B) The conversion ratio for the first hour of L-tert-leucine-synthesized
reactions catalyzed by whole cells with self-assembled LPd and FPI
(assembled) or with unassembled LDH and FDH (unassembled). Data
represent the mean =+ standard deviation of three measurements.

activity (see Figure S8C), thus suggesting that the LPd and
FPI were assembled into largely insoluble LPd-FP1 MESDs.
This assembly was confirmed by field-emission scanning
electron microscopy, which revealed micron-sized, layer-like
structures in lysed cells which had a similar shape as but were
larger than the LPd-FP1 MESDs formed in vitro (Figure 5 A).

The biosynthesis of L-tert-leucine by whole cells was used
as a measure for the in vivo NAD(H) recycling efficiency of
LPd-FPl MESDs. Cells expressing LPd-FP1 MESDs had
a twofold higher conversion ratio than whole cells co-
expressing unassembled LDH and FDH (Figure 5B). This
conversion could have been caused by the occurrence of
NAD(H) transfer channeling as observed for LPd-FPl
MESDs in vitro.

Fluorescence complementation experiments were per-
formed to detect the formation of supramolecular assemblies
invivo and determine their subcellular compartmentaliza-
tion. A red fluorescent protein (mCherry), divided into two
parts (mN159 and mC160),™! was fused to the C-terminus of
LPd or the site between FDH and PDZlig in FPIl, thus
yielding LPd-mN159 (Lm) and FDH-mC160-PDZlig (FmP),
respectively (see Figure SID,E). Little fluorescence was
detected when mN159 was co-expressed with mC160 (see
Figure S9), however, the fluorescence increased markedly
when Lm and FmP were coexpressed (Figure 6 A,B), and
signal localization indicated that the LPd-FPI MESDs were
confined to the poles of cells. A possible reason for this is that
the supramolecular assembly of LPd and FPI triggered the
transport of protein aggregates to these compartments where
they formed a large complex.'

To determine the conversion kinetics for in vivo assembly,
the fluorescence intensity of cells co-expressing Lm and FmP
was measured at various times after the addition of isopropyl
-p-1-thiogalactopyranoside (IPTG). The fluorescence inten-
sity increased sharply after 9 hours (Figure 6C), possibly
because the protein concentration in the cells (see Fig-
ure S8A) had increased to a level which produced a high
conversion rate for assembly. Moreover, the value reached
a maximum after 21 hours, thus suggesting that the assembly
was completed. Based on the time taken for assembly and
catalytic efficiency (Figure 6 D), the optimal length of time for
IPTG-induced expression was determined to be 18 hours.

A method was developed for the self-assembly of multiple
oligomeric enzymes which was successfully applied to in vitro
and in vivo systems. The LPd-FP1 MESDs generated by this
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Figure 6. LPd and FPI self-assembled in vivo and visualized using an
mCherry-based fluorescence complementation system. Cells were
imaged by A) differential interference contrast and B) epifluorescence.
LPd-FPI MESDs localized to the poles of cells (yellow circles).

C) Fluorescence intensity of cells (1 mg) co-expressing Lm and FmP at
indicated times after IPTG addition. D) The conversion ratio for the
first hour of L-tert-leucine-synthesized reactions catalyzed by whole
cells (10 mgmL™") expressing LPd-FPI MESDs at indicated times after
IPTG addition. Data represent the mean =+ standard deviation of three
measurements.

method had a highly ordered, two-dimensional layer-like
structure and demonstrated a mechanism of NAD(H) trans-
fer channeling which resulted in improved NAD(H) recycling
efficiency compared to that of unassembled LDH and FDH.
LPd-FPlI MESD compartmentalization at cell poles was
demonstrated by fluorescence complementation. These
results indicate that this supramolecular self-assembly strat-
egy is a powerful tool for multienzyme biocatalysis which
increases yields from reactions by substrate channeling, and
provides a novel approach for compartmentalizing metabolic
enzyme cascades in living cells.
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