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ABSTRACT: Inspired by the properties of natural protein-based biomaterials,
protein nanomaterials are increasingly designed with natural or engineered
peptides or with protein building blocks. Few examples describe the design of
functional protein-based materials for biotechnological applications that can be
readily manufactured, are amenable to functionalization, and exhibit robust
assembly properties for macroscale material formation. Here, we designed a
protein-scaffolding system that self-assembles into robust, macroscale materials
suitable for in vitro cell-free applications. By controlling the coexpression in
Escherichia coli of self-assembling scaffold building blocks with and without
modifications for covalent attachment of cross-linking cargo proteins, hybrid
scaffolds with spatially organized conjugation sites are overproduced that can be
readily isolated. Cargo proteins, including enzymes, are rapidly cross-linked
onto scaffolds for the formation of functional materials. We show that these
materials can be used for the in vitro operation of a coimmobilized two-enzyme reaction and that the protein material can be
recovered and reused. We believe that this work will provide a versatile platform for the design and scalable production of functional
materials with customizable properties and the robustness required for biotechnological applications.
KEYWORDS: self-assembly, protein nanomaterials, biomanufacturing, biomaterials, biocatalysis, synthetic biology

■ INTRODUCTION
The chemical and structural variability of proteins makes them
ideal building blocks for the design of functional materials that
can be genetically programmed and recombinantly manufac-
tured. Numerous protein-based materials are known in nature,
many with functions and multiscale assembly properties that
are unmatched by human-made, synthetic materials. Materials
like silk, elastin, or collagen therefore have inspired the design
of synthetic peptide-based materials that have long been
studied for biomedical applications.1−4 Increasingly, self-
assembling protein nanomaterials are created from natural or
designed peptides and protein domains by leveraging a fast-
growing knowledge base on such building blocks and advances
in de novo protein design.5−10 Significantly fewer examples
describe the design of functional protein-based materials for
biotechnological applications that can be readily manufactured,
are amenable to easy functionalization with multiple, different
cargo proteins, and exhibit robust assembly properties for
macroscale material formation for operational stability and
reuse, e.g., in enzyme reactors for biocatalysis applications. The
development of new types of materials for enzyme
immobilization in particular is of significant commercial
interest.11 Toward the fabrication of such materials, we

previously showed that the bacterial microcompartment shell
protein EutM12 self-assembles into highly robust, hexameric
two-dimensional scaffolds with large surface areas that can be
readily produced and isolated from recombinant Escherichia
coli.13 Scaffold building blocks can also be genetically modified
for scaffold surface functionalization with a SpyCatcher domain
to allow for rapid covalent attachment of SpyTag modified
cargo proteins to scaffolds via isopeptide bond formation.14,15

We then created a toolbox of EutM homologues for the
assembly of scaffolds, including hybrid scaffolds from two
homologues, with different morphologies and surface proper-
ties.14 Sampling the different assembly properties as well as the
diverse electrostatic surface properties afforded by this EutM
toolbox could lead to custom materials with optimized
architectures and hexameric arrays with tailored surface
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properties for specific applications such as for enzyme
reactions. Finally, we used our scaffolds for enzyme
immobilization and demonstrated that scaffold attachment
increased enzyme stability and efficiency of an enzyme cascade
reaction.14,16

The ease with which our scaffolds can be produced and
assembled into robust and highly stable materials that can be
modified to enhance the efficiency of biocatalytic reactions,
along with diversity of different EutM building blocks available
for future design efforts, prompted us to further develop this
versatile scaffolding system for the programmable, hierarchical
assembly of scaffolds into macroscale, functional materials, as
illustrated in Figure 1. To achieve higher-order assembly, we
expanded our previously used SpyTag/SpyCatcher (SpyT/
SpyC hereafter) approach covalent scaffold attachment of
cargo proteins with the orthogonal SnoopTag/SnoopCatcher
(SnoopT/SnoopC hereafter) system for isopeptide bond
formation, which has been successfully used to directly cross-
link proteins to create polyproteins.17 We envisioned that
fusion of these orthogonal Tag/Catcher sequences to the N
and C termini of EutM scaffold building blocks and cargo
proteins of choice will allow cross-linking of scaffolds between
cognate Tag and Catcher moieties. Considering our goal of
creating functional materials, we envision that bioconjugated
cargo proteins can be structural, cross-linking, and/or func-
tional (e.g., enzymes for biocatalysis) components of the
assembled, macroscale material where their spatial arrange-
ment is controllable by the density of Tag/Catcher attachment

points on the scaffolds. To prototype our envisioned platform,
we first designed and characterized scaffold building blocks
that upon bioconjugation with double-tagged GFP as model
cargo protein drive the in vitro self-organization of higher-
ordered assemblies. A similar approach has recently been used
for the 3D assembly of S-layer sheets.18 For ease of future
scaffold fabrication and to control the density of attachment
points, we then demonstrated that by controlling the
coexpression of Tag/Catcher fused and unmodified scaffold
building blocks in E. coli, we can produce “hybrid” scaffolds
with different building block ratios. A one-step purification
approach allowed the isolation of these preconfigured hybrid
scaffolds for subsequent attachment of cargo proteins for cross-
linking into higher-order assemblies and for functionalization.
We observed that hybrid scaffolds assemble as arrays of
nanotubes under a range of conditions. Importantly, double-
tagged GFP could readily be conjugated to these preformed
scaffolds and yielded macroscale materials of cross-linked and
stacked microtubes that organized into clusters or radial
scaffold particles.
To show the applied utility of our system, we then

confirmed that GFP can be replaced by cargo enzymes
without compromising scaffold cross-linking and assembly, as
well as activity of the bioconjugated enzymes. We chose to
attach a challenging yet for biocatalysis widely investigated
multidomain cytochrome P450 enzyme (P450BM3) and
validated its function in concert with a second, coimmobilized
enzyme, PTDH for cofactor recycling.19,20

Figure 1. Fabrication of programmable self-assembling functional materials. E. coli is engineered for the programmable coexpression of unmodified,
His-tagged and dual-modified EutM scaffold building blocks that self-assemble into hybrid scaffolds. A one-step purification yields macroscale
scaffolds with controllable building block ratios. Scaffolds can then be cross-linked via isopeptide formation between Spy/SnoopTag (SpyT and
SnoopT) and Catcher (SpyC and SnoopC) moieties fused to EutM scaffold building blocks (SnoopT-EutM-SpyT or SpyC-EutM-SnoopC) and
cargo proteins of choice as shown for GFP (SnoopC-GFP-SpyC or SpyT-GFP-SnoopT). Finally, the utility of the designed system for the assembly
of functional materials is demonstrated with the coimmobilization of a dual-enzyme system composed of a complex, multidomain P450 enzyme
(P450BM3m) and a phosphite dehydrogenase (PTDH) for cofactor recycling.
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Despite decades of research dedicated to enzyme immobi-
lization for biocatalytic process development, significant
challenges remain in developing strategies that are cost-
effective and especially, allow for the immobilization of

multienzyme systems without loss of activities due to
incompatible conjugation methods and supports.11 Bioinspired
protein-based bioconjugation and compartmentalization strat-
egies are therefore increasingly explored to address these

Figure 2. Design and testing of scaffold building block cross-linking. (a) EutM scaffold building blocks self-assemble into hexamers that then
assemble into larger scaffolds. Cross-linking of scaffold building blocks is achieved with N- and C-terminal fusion of SpyCatcher/Tag (SpyC and
SpyT) and SnoopCatcher/Tag (SnoopC and SnoopT) moieties to EutM and cargo proteins. Isopeptide bond formation (gray line) between
cognate Spy/Snoop Catcher/Tag pairs allows for directional linkages shown for the two types of EutM building blocks designed in this work. The
illustration shows one out of six conjugation sites per EutM hexamer. (b) Cross-linking of EutM building blocks with GFP was analyzed by SDS-
PAGE. Purified His-SpyC-EutM-SnoopC or His-SnoopT-EutM-SpyT was mixed with GFP with or without (control) cognate Catcher/Tag fusions
at the molar concentrations shown. Proteins were incubated in 0.1 M sodium phosphate buffer (pH 7.0) at 25 °C for 1 h prior to analysis. Expected
molecular weights for one and multiple cross-linked GFP-EutM units are shown to the right. Higher molecular weight bands >67 kDa
corresponding to EutM-GFP conjugates form only with dual-modified GFP, with the majority of the GFP conjugated to EutM at a 1:1 molar ratio.
Note that less intense bands in the higher concentrated, cross-linked samples represent minor impurities also present in the single protein controls.
The shown data are representative for one set of purified proteins.
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issues.2,3,8,14,18,21−27 But in most of these studies, model
enzyme systems or materials that lack robustness, modularity,
and versatility as well as macroscale assembly properties are
used for in vitro applications. This limits their utility for the

development of industrial processes that require inexpensive,
easy to use, and tailorable systems and materials that are stable
and can be reused. We believe this work will add to the current
landscape of genetically engineered materials by providing a

Figure 3. Production and characterization of macroscale hybrid scaffolds. (a) Coexpression of unmodified and dual-modified EutM in E. coli results
in the self-assembly of hybrid scaffolds (illustrated as arrays of hexamers). By varying the expression levels of EutM building blocks with ribosome
binding sites (RBSs) of different strengths, hybrid scaffolds with different molar ratios of building blocks are produced. Hybrid scaffolds can be
selectively pulled-down by His-tag affinity purification, yielding scaffolds that separate into a soluble fraction (S) composed of smaller scaffolds and
an insoluble fraction (pellet, P). Shown are the coexpression results for constructs where the His-tag is on the unmodified EutM. Figure S5 shows
results for the same constructs where the dual-modified EutMs contain the His-tag. (b) Characterization of hybrid scaffolds coassembled from His-
EutM and dual-modified EutM. Eight RBS combinations (RBS A-E) were used to vary scaffold building block ratios. Scaffolds were purified from
200 mL cultures in the presence of 4 M urea and the total yield of isolated scaffolds was quantified. The percentage of the insoluble scaffold fraction
of normalized scaffolds (2 mg/mL) (as an indicator of assembly strength) was determined after dialysis into 0.1 M Tris-HCl buffer (pH 7.5) to
remove urea. The molar ratios between EutM building blocks of the isolated hybrid scaffolds were analyzed by SDS-PAGE densitometry. Two
hybrid scaffolds (purple boxes and fonts) for each of the two building block combinations with comparable molar ratios were selected for further
studies. Data are shown as mean values ±SD and error bars represent the standard deviations of replicates from three independent cultures for each
expression construct. Figure S6 shows representative SDS-PAGE gels used for analysis. (c) Selected hybrid scaffolds were analyzed by TEM after
dialysis into 0.1 M sodium phosphate buffer (pH 7.0) and dilution to 1 mg/mL. Shown are the representative images of scaffolds captured at 60k×
magnification [see Figure S7 for additional images and magnifications (10k−120k×)]. Arrays of hexamers depicted in (a) appear to roll up into
tubes to create the scaffolds observed by TEM.
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platform for the design of robust and customizable materials
that can be easily manufactured recombinantly for a multitude
of applications. In addition, unlike traditional, synthetic
materials, these protein-based materials are biodegradable,
therefore increasing the sustainability of industrial processes
such as, e.g., for biocatalysis�which is becoming increasingly
important.28

■ RESULTS AND DISCUSSION
Design and Characterization of Building Blocks for

Scaffold Assembly. We first modified our EutM scaffolds to
allow not only for the immobilization of biocatalysts14,16 but
also the formation of larger and more complex structures
without impeding scaffold assembly. For this, we used the
efficient SpyCatcher/Tag system together with the similar
SnoopCatcher/Tag system17 for isopeptide-mediated cross-
linking of double-tagged EutM scaffolds and cargo proteins
with cognate tags into assemblies (Figure 2a). Previously, we
found that the fusion of the larger SpyC domain is tolerated by
EutM scaffolds, while fusion of this domain to cargo enzyme
can negatively affect their activity.14,16 We therefore designed
two opposite configurations with either the smaller Tags
(SpyT = 1.4 kDa and SnoopT = 1.5 kDa) or larger Catcher
(SpyC = 9.1 kDa and SnoopC = 12.6 kDa) moieties fused to
the N and C termini of EutM. We chose to design double-
instead of single- N- or C-terminal-tagged EutM building
blocks to create an easier to control scaffolding system.
As a model cargo protein for characterization of scaffold

building block cross-linking and for subsequent visualization,
we engineered monomeric sfGFP29 with corresponding
fusions. For one-step nickel affinity purification, an N-terminal
His-tag was added to the two EutM scaffold building blocks
(His-SnoopT-EutM-SpyT and His-SpyC-EutM-SnoopC) and
GFP cargo proteins (His-SpyT-GFP-SnoopT and His-
SnoopC-GFP-SpyC). Note that while the C terminus of
EutM is assumed to be located on the concave site (“bottom”
side) of the hexamer based on structural information (PDB
accession number 3I6P), we presume that the N-terminal
fusions due to steric hindrances are located on the opposing
site of the hexamer, as depicted in Figure 2a. In the crystal
structure, the N terminus of EutM is close to the hexamer
interface, and fusions, especially with a flexible linker used in
our designs (Table S4), could therefore be displayed on the
convex (“top”) site. Labeling of His-SpyC-EutM-SnoopC
bound to metal-affinity beads SpyT/SnoopT-tagged GFP and
mCherry indicates that this may be the case (Figure S1).
Both dual-modified EutM building blocks could be readily

overproduced and isolated from E. coli. We noticed though
that the two purified proteins were much more soluble than
our previously characterized His-EutM-SpyC and His-
EutM.13,14,16 The Catcher-modified His-SpyC-EutM-SnoopC
remained soluble at >20 mg/mL, while the Snoop/SpyT-
modified His-SnoopT-EutM-SpyT precipitated out of solution
at ∼5 mg/mL. No large structures were observed for either
protein by transmission electron microscopy (TEM). In
contrast, as observed previously,13,14,16 His-EutM assembles
into hexameric rolled-up or flat scaffolds that precipitate out at
2 mg/mL, while the more soluble His-EutM-SpyC scaffolds
out of solution at >5 mg/mL as assemblies of long fibril-like
structures.13,14 All EutM building block purifications were
performed in the presence of 4 M urea for scaffold
solubilization to maximize protein yield as described
previously.13,14 Removal of urea causes the reformation of

insoluble scaffolds (visible as a white pellet; see Figure 3a)
except for the highly soluble His-SpyC-EutM-SnoopC scaffold
building block. Native PAGE analysis of scaffolds solubilized in
urea (Figure S2a) and after removal of urea (Figure S2b)
shows similar higher molecular weight assemblies of ∼400−
800 kDa in size for each dual-modified building block,
suggesting that scaffolds able to migrate into the gel form
the same stable assemblies under both conditions. The
assemblies appear to be composed of two (His-SpyC-EutM-
SnoopC) or eight (His-SnoopT-EutM-SpyT) hexamers based
on their molecular weights (Figure S2c). For comparison, His-
EutM scaffolds seem to be assembled from six hexamers
(Figure S2a−c). Surprisingly, we did not observe a band with a
size corresponding to a single hexamer, which was the major
band obtained for the bacterial microcompartment shell
protein (RmmH) from Mycobacterium smegmatis.30 It appears
that the N- and C-terminal fusions added to EutM do not
affect monomer assembly into hexamers but rather the
assembly into larger scaffolds observed for His-EutM.13

With scaffold self-assembly of the dual-modified EutM
building blocks confirmed, we next investigated their covalent
cross-linking with the corresponding dual-modified GFP fusion
proteins (Figures 2b and S3). Mixing of the modified EutM
building blocks with their cognate GFP fusion protein partners
at different molar ratios results in rapid cross-linking that is
complete within 1 h based on SDS-PAGE analysis. As we have
observed previously for EutM-SpyC, a small amount of
Catcher-modified EutM or GFP remained unconjugated
regardless of molar ratios, incubation time, or temperature
(Figures 2b and S3), suggesting that their Catcher domains are
not in a competent state for peptide bond formation. Cross-
linking progressed from one EutM monomer conjugated with
one GFP to four or more EutM cross-linked by GFPs to create
larger assemblies, including assemblies with molecular weights
too large for SDS-PAGE separation. The formation of larger
assemblies proceeded over time and seemed to be faster
between His-SnoopT-EutM-SpyT and His-SnoopC-GFP-SpyC
compared to His-SpyC-EutM-SnoopC and His-SpyT-GFP-
SnoopT as observed by changes in SDS-PAGE gel banding
patterns over time (Figure S3).
In summary, the Spy/Snoop-Tag/Catcher system proved to

be an effective system not only for cargo protein attachment to
scaffolds but also for cross-linking of scaffolds into higher
molecular weight complexes. Notably, N- and C-terminal
fusion of the larger Catcher domains to EutM does not appear
to interfere with hexamer assembly, therefore providing
versatility for cargo attachment and scaffold cross-linking.
Nevertheless, modification of both the N and C termini of
EutM impacted assembly into larger, insoluble scaffolds
desirable for macroscale material formation.

Coassembly of Scaffold Building Blocks into Macro-
scale Hybrid Scaffolds. To promote the assembly of larger,
insoluble scaffolds, we sought to coassemble hybrid scaffolds
from dual-modified and unmodified EutM building blocks.
This would then also allow for the spatial distribution of
bioconjugation points to control cross-linking and/or cargo
attachment. Previously, we found that the spacing of
attachment points for enzyme immobilization on EutM-SpyC
scaffolds was important for the optimization of biocatalyst
activities. However, our first attempt of simply mixing in urea-
purified His-EutM and dual-modified His-EutM proteins
followed by dialysis (for scaffold formation) did not yield the
desired coassembled hybrid scaffolds (Figures S2 and S4).
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Instead, each building block retained similar soluble assemblies
as those observed for the individual blocks (Figure S2). In
addition, the dual-modified building blocks remained largely in
the soluble fraction after urea removal, while the unmodified
EutM scaffolded out of solution (Figure S4). EutM monomers
must therefore quickly self-assemble into stable multimeric
units (e.g., as hexamers and/or multiple hexamers) that cannot
be disassembled and reconfigured once expressed in E. coli and
after solubilization in urea.
To overcome this coassembly problem, we designed

coexpression constructs for E. coli where individual building
block expression levels are controlled by RBSs with different
strengths (Figure 3). We chose five different RBSs (Table S1)
for coexpression of EutM and double-tagged EutM under the
control of a cumate-inducible promoter.14,31−34 Only one of
the coexpressed building blocks contains an N-terminal His-tag
(Figure 3b shows the His-EutM designs and Figure S5 the
opposite designs), allowing for the pull-down of only hybrid
scaffolds, an approach that we have used to confirm the
coassembly of EutM homologues from different bacteria.14

Depending on building block expression levels, we expected to
obtain hybrid scaffolds with different EutM building block
molar ratios. A higher ratio of unmodified EutM was
anticipated to increase the fraction of larger scaffolds that
pellet out of solution, as illustrated in Figure 3a.
We designed twenty-nine EutM coexpression constructs

with different RBS combinations for each of the two dual
EutM building blocks and the His-tag placed either on EutM
or the modified EutMs (Figures 3b and S5). We then
comprehensively characterized protein yield, scaffold assembly

behavior (i.e., formation of large, insoluble scaffolds), and
molar ratio of EutM to dual-modified EutM building blocks in
the hybrid scaffolds (Figures 3b and S5). Scaffold production
yields and molar ratios of scaffold building blocks were
determined directly after nickel affinity purification pull-down
in urea by measuring protein concentrations and by SDS-
PAGE densitometry (Figure S6). Assembly behavior was
compared by normalizing the concentration of all purified
scaffolds in urea first to ∼2 mg/mL prior to dialysis into 0.1 M
Tris-HCl pH 7.5 buffer for assembly into larger scaffolds.
Insoluble scaffolds were then separated from the soluble
assemblies by centrifugation. Quantification of proteins in each
fraction yielded the percentage of insoluble scaffold material
formed, as an indicator of assembly strength.
We found that scaffold yields, as well as the molar ratios of

building blocks, varied significantly across designs with no
strong correlations between RBS combinations (Figure 3b).
Notably, scaffold yields were much lower for the designs where
the His-tag was on the modified EutM building blocks because
of its lower expression levels (Figure S5). Consequently, we
chose to proceed only with the His-EutM-containing hybrid
scaffolds shown in Figure 3b that are readily overproduced in
E. coli. For these hybrid scaffolds, the ratios between EutM and
dual-modified EutM ranged from 1.9:1 to 61:1, therefore
providing options for creating scaffolds with different densities
of bioconjugation sites. As expected, higher molar ratios of
unmodified EutM increased the formation of larger, insoluble
scaffolds for all hybrid scaffold coexpression designs. Likewise,
hybrid scaffolds with SnoopT-EutM-SpyT showed stronger
assembly into larger, insoluble scaffolds compared to those

Figure 4. Characterization of scaffold assembly strength. Four hybrid scaffolds with different molar ratios (purple numbers) of coexpressed
unmodified and dual-modified EutM building blocks were selected for characterization of assembly strength and compared to scaffolds formed by
individual building blocks. Scaffolds (3 mg/mL in urea) were dialyzed into buffers with different pH values, normalized to 2 mg/mL, and then
incubated for 24 h at different temperatures. The percentage of the insoluble scaffold (P) fraction relative to the combined amount of soluble (S)
and insoluble scaffold (P) [P/(P + S)] as in Figure 3 was then calculated as an indicator of assembly strength. The following buffers were used: 0.1
M sodium acetate (A, pH 5), 0.1 M sodium phosphate (P, pH 6, 7, or 7.5), and 0.1 M Tris-HCl (T, pH 7.5, 8, or 9). The same experiments were
also conducted with 0.1 and 0.25 M NaCl added to buffers (Figures S8 and S9). Data are shown as mean values ±SD and error bars represent the
standard deviations of three independent experiments per scaffold.
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containing the Catcher-modified EutM building block. The
Snoop/SpyTag fusions are much smaller than the Catcher
domains and therefore presumably have less of an impact on
scaffold assembly, thus, resulting in the formation of larger
scaffolds.
Two designs from each hybrid scaffold type with either

SpyC/SnoopC or SnoopT/SpyT conjugation sites were then
selected for additional characterization and cross-linking
studies (Figure 3b, purple boxes). The molar building block
ratios of these four scaffolds range from approximately 3:1 to
9:1, providing a density of conjugation sites comparable to
ratios that we previously confirmed to work well for enzyme
immobilization on EutM-SpyC scaffolds.14 In addition, these
scaffold constructs (from here on referred to by their molar

ratios: 3.9:1, 8.8:1, 3.3:1, and 7.6:1) afford the isolation of
insoluble hybrid scaffolds at good yields from recombinant E.
coli cells. Importantly, TEM confirms that all four hybrid
scaffolds self-assemble into well-ordered structures composed
of long, hollow rolled-up nanotubes with diameters ranging
from 25 to 60 nm that appear similar to structures observed for
His-EutM scaffolds13,14,16 (Figures 3c and S7). Nanotube walls
appear to be thicker and multilayered for the SnoopT-EutM-
SpyT containing hybrid scaffolds, with more pronounced
layering, striations, and larger nanotube diameters for the His-
EutM:SnoopT-EutM-SpyT = 7.6:1 hybrid scaffold which
contains a higher molar ratio of unmodified EutM (Figure
S7). The single-layered nanotubes look very similar to those
reported for the bacterial microcompartment shell protein

Figure 5. Imaging of hybrid scaffold structures and GFP attachment. (a) His-EutM:SpyC-EutM-SnoopC hybrid scaffolds (molar ratios of 3.9:1 and
8.8:1 from Figure 3) were mixed with either His-SpyT-GFP-SnoopT or unmodified (control) His-GFP cargo proteins to observe scaffold structures
and GFP cargo attachment. Scaffolds are visible as macroscale materials that appear more compact for His-EutM:SpyC-EutM-SnoopC = 8.8:1
hybrid scaffolds that contain a higher ratio of unmodified EutM. GFP attachment to scaffolds is only observed with tagged GFP cargo. (b) His-
EutM:SnoopT-EutM-SpyT hybrid scaffolds (molar ratios of 3.3:1 and 7.6:1 from Figure 3) were mixed with His-SnoopC-GFP-SpyC or unmodified
(control) His-GFP cargo protein. Both hybrid scaffolds form macroscale materials visible as dense structures with radial microtube assemblies that
are more pronounced for the His-EutM:SnoopT-EutM-SpyT = 7.6:1 hybrid scaffolds. GFP cargo attachment is only observed with the Catcher-
modified GFP cargo. Experiments were performed by mixing 50 μM GFP cargo in 0.1 M sodium phosphate buffer (pH 7.0) with hybrid scaffolds
such that the concentrations of their modified EutM building blocks are equimolar to that of their cognate GFP cargo partner (see Methods for
protein concentrations). After incubation for 1 h at 25 °C and 180 rpm, samples were prepared for imaging. Representative images from one set of
purified proteins are shown. Additional images, including for different GFP cargo ratios, are provided in Figures S11 and S13.
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RmmH from M. smegmatis,30 while the thicker tubes are more
similar to the structures we have previously observed for EutM
homologues.14 Note that TEM analysis required dilution of
scaffolds to 1 mg/mL to prevent grid breakage and allow for
imaging of individual structures.
Controlling the coexpression of scaffold building blocks

therefore is a simple approach to produce scaffolds with
different assembly properties, which is also amenable to future
scale-up.
Characterization of Hybrid Scaffold Assembly Stabil-

ity. Protein self-assembly, including the assembly of micro-
compartment shell proteins like EutM, is dynamic and
dependent on environmental conditions such as protein
concentration, pH, salts, and temperature.3,12,35 The usefulness
of our scaffolds for different applications, such as biocatalysis,
will depend on their stable assembly across a range of

commonly used conditions. We therefore investigated the
influence of buffers (pH 5.0−9.0), temperatures (4, 25, 30, and
37 °C) (Figure 4), and salt (100 and 250 mM NaCl) (Figures
S8 and S9) on their assembly stability by quantifying the
percentage of insoluble scaffolds after 24 h incubation. For
comparison, we also assessed the assembly stability of the
individual scaffold building blocks under the same conditions.
Consistent with the observations above, the dual-modified

EutM building blocks showed the lowest assembly propensity,
while the unmodified EutM protein formed stable, insoluble
scaffolds that made up 49−100% of the total protein sample
across all conditions except at pH 5.0 and 9.0. The assembly
stabilities of the hybrid scaffolds fall in between their
constituent building blocks and molar ratios (Figures 4, S8,
and S9). Elevated temperatures increased self-assembly
stability as we have observed previously for EutM homo-

Figure 6. High-resolution microscopy imaging of GFP cross-linked hybrid scaffold assemblies. (a) TEM of hybrid His-EutM:SpyC-EutM-SnoopC
= 8.8:1 scaffolds with cross-linked His-SpyT-GFP-SnoopT cargo (see Figure 5a) shows EutM scaffold nanofibers that appear to be coated (red
arrows) with GFP compared to the thinner and more articulated tube-like scaffold structures observed in Figure 3c. Bundles of fibers are observed
that are enveloped by a film (blue arrows), suggesting cross-linking by the dual-modified GFP. Parallel and radially aligned fiber bundles can be
observed that are reminiscent of the radial structures observed by light microscopy (see Figure S14 for additional TEM images and magnifications).
Red and blue boxes mark areas further magnified to the right. Samples are diluted to 1 mg/mL for TEM analysis. Representative images from one
set of proteins are shown. (b) Phase contrast and confocal fluorescence microscopy of a single, radial scaffold particle and a larger scaffold assembly
composed of clusters of radial particles from the same GFP-cross-linked hybrid scaffolds imaged by TEM. Images show the micrometer dimensions
of the scaffolds. Confocal Z-stack imaging shows GFP fluorescence across the entire scaffold structures. (c) Imaging results suggest a scaffold-
assembling process that starts with the assembly of EutM hexamers into microtubes which form radial, microscale particles that are coated and
cross-linked with GFP. Particles and bundles of microtubes cluster together into larger microscale scaffolds observed by microscopy and eventually
form the large insoluble macroscale materials that fall out of solution.
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logues.14,36 Assembly was optimal between pH 6.0 and 7.5,
with a preference for neutral pH 7.0 and phosphate instead of
Tris-HCl buffers. Variations among scaffolds may be attributed
to the different isoelectric points of the building blocks
(calculated pI values are His-EutM = 6.7, SpyC-EutM-SnoopC
= 5.4, and SnoopT-EutM-SpyT = 7.8). The addition of NaCl
slightly decreased scaffold formation, except for the unmodi-
fied EutM (Figures S8 and S9).
In summary, these results show that scaffold assembly is

retained in conditions relevant for applications such as
biocatalysis and that higher EutM building block ratios
increase self-assembly stability.
GFP Cargo Attachment and Cross-Linking of Hybrid

Scaffolds. To test whether our GFP model cargo protein can
still be efficiently conjugated to the dense, macroscale materials
formed by the hybrid scaffolds, purified scaffolds (20−40 mg/
mL) were incubated with equimolar ratios of dual-modified
GFP (unmodified GFP as a control) to the dual-modified
EutM building block (50 μM) in the hybrid scaffolds. After 1 h
of incubation, large scaffold structures can be observed by light
microscopy that are conjugated with GFP (Figure 5). Testing
of different molar ratios of GFP to dual-modified EutM (4:1 to
1:4, with the EutM partner fixed at 50 μM) demonstrated
efficient cross-linking of EutM building blocks with 25−50 μM
GFP into higher molecular weight complexes (Figure S10).
However, more unbound GFP remained after 1 h incubation
with the hybrid scaffolds that have higher unmodified EutM
ratios, suggesting that not all conjugation sites are readily
accessible in these dense materials.
The morphologies of the hybrid scaffold materials vary, with

more dense structures formed with higher ratios of unmodified
EutM (His-EutM:SpyC-EutM-SnoopC = 8.8:1 and His-
EutM:SnoopT-EutM-SpyT = 7.6:1) (Figure 5, see Figures
S11 and S13 for different GFP cargo ratios). Closer inspection
of the His-EutM:SpyC-EutM-SnoopC = 8.8:1 and both His-
EutM:SnoopT-EutM-SpyT materials (visible at the fringes of
the structures) suggests that scaffolds are formed from stacked
microtubes that assemble into radial particles that are
pronounced in the His-EutM:SnoopT-EutM-SpyT = 7.6:1
scaffolds which are assembled from larger nanotubes (Figure
3c).
To further characterize the structural features of GFP-

conjugated hybrid scaffolds, we chose cargo-loaded His-
EutM:SpyC-EutM-SnoopC = 8.8:1 hybrid scaffolds (Figure
5a) that we would later use for enzyme immobilization for
TEM and confocal microscopy imaging (Figures 6 and S14).
TEM images indicate that scaffold fibers are coated by GFP
compared with the thinner and more articulated fibers
observed in Figure 3c. In addition, bundles of fibers are linked
together, presumably by the conjugated GFP cargo protein,
Figure 6a. Confocal microscopy, including 3D reconstructions,
delineates the micrometer dimensions of radial particles that
are conjugated throughout with GFP and their clustering into
larger scaffolds, Figure 6b, suggesting a scaffold assembling and
cross-linking process that involves the hierarchical assembly of
microtubes into cross-linked radial particle clusters illustrated
in Figure 6c with dimensions that exceed 10 μM in size.
Despite the large size of the particles, we attempted to measure
the particle distribution of this sample and a control with
untagged GFP (Figure 5a) by dynamic light scattering (DLS).
However, the majority of the particles are outside of the range
(>10 μm) for DLS analysis, and measurements of smaller
particle distributions in these samples were impeded by beam

reflections caused by the large particles (see the example in
Figure S12a). We then performed analytical ultracentrifugation
(AUC) to assess the particle size distribution. For consistency,
sedimentation velocity experiments were performed again with
the same hybrid scaffolds (His-EutM:SpyC-EutM-SnoopC =
8.8:1) and conditions containing His-SpyT-GFP-SnoopT
(GFP cross-linked hybrid scaffolds) as in Figures 5a and 6.
Because the protein concentrations (50 μM GFP and 50 μM
modified scaffold building blocks used for the cross-linking
experiments) in these samples were not sufficient for
determining particle sedimentation coefficients at 280 nm
(OD > 0.5 required), measurements were performed at 485
nm corresponding to GFP absorption as a proxy (Figure
S12b). Sedimentation velocity analysis showed that 50% of the
GFP molecules form higher molecular weight multimers in the
GFP cross-linked hybrid scaffold sample. In contrast, the
control sample shows a single peak at 2.8 S and a narrow size
distribution, suggesting that GFP is mostly free and not bound
to EutM scaffolds. The sedimentation coefficient distribution
of the GFP cross-linked hybrid scaffolds is more complex due
to the formation of multimers with higher sedimentation
velocities and a broad size distribution with a peak at 7 S.
These results confirm that GFP cross-link hybrid scaffolds are
composed of higher molecular weight assemblies as observed
by microscopy in Figure 6. Further fluorescence microscopy
analysis of these samples [prepared at a 100-fold lower protein
concentration (0.1 mg/mL final concentration) than in Figures
5 and 6] and comparison with a similarly prepared sample of
scaffolds mixed with GFP-SpyT-His for labeling showed that
the cross-linked scaffolds assemble into large ordered arrays
(20 to >100 μm in size) compared to the particle clusters and
sheets formed by the scaffolds labeled with the single tagged
GFP (Figure S12c).

Testing Hybrid Scaffolds for Enzyme Immobilization.
Our results showed that the designed hybrid scaffolds can be
readily produced in E. coli with configurable conjugation site
densities. They are also stable and self-assemble into
macroscale materials that are efficiently conjugated and
cross-linked with GFP as a model cargo protein. These are
useful characteristics for the creation of customizable func-
tional materials for a range of biotechnological applications. As
a first step toward the design of such materials, we assessed the
utility of our scaffolding system for enzyme immobilization by
replacing GFP with two enzymes for the operation of a two-
enzyme reaction.
As a proof of concept, we selected the challenging yet

extensively studied and highly versatile multidomain cyto-
chrome P450 monooxygenase CYP102A1 known as
P450BM3.20,37 Unlike many P450 enzymes, P450BM3 can
be recombinantly expressed as soluble protein, is self-sufficient
due to a fused NADPH reductase domain, and is known to
catalyze diverse reactions and over thousand variants have
been described.20,37 Yet, industrial use of this enzyme remains
challenging due to its complex, two-domain, and dimeric
protein structure and undesired “uncoupling” of NADPH-
derived electrons to produce reactive and inactivating oxygen
species and/or H2O2. To improve P450BM3 reaction
efficiency and for catalysts and NADPH cofactor recycling,
diverse immobilization methods have been developed,
including the coimmobilization of P450BM3 with cofactor
recycling enzymes.26,38−43 From this knowledge base, we chose
the P450BM3 variant GVQ (A74G, F87V, L188Q) (referred
herein as P450BM3m) which oxidizes a range of substrates,
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Figure 7. Immobilization of P450BM3m and PTDH onto hybrid EutM scaffolds. (a) P450BM3m and PTDH are coimmobilized onto His-
EutM:SpyC-EutM-SnoopC = 8.8:1 hybrid scaffolds via their N- and C-terminal cross-linking SnoopT and SpyT fusions. The resulting immobilized
dual-enzyme system facilitates phosphite-driven NADPH cofactor recycling by PTDH for the P450BM3m-catalyzed hydroxylation of indole into
indoxyl (which dimerizes into indigo) or of lauric acid into 9-, 10-, and 11-hydroxylauric acids. (b) Confirmation of cross-linking of SpyC-EutM-
SnoopC in the His-EutM:SpyC-EutM-SnoopC = 8.8:1 scaffolds with P450BM3m and PTDH. Enzymes were mixed with the hybrid scaffold at a
1:4 molar ratio corresponding to the SpyC-EutM-SnoopC building block in the scaffold. Samples in 0.1 M phosphate buffer (pH 7.0) were
incubated for 1 h at 30 °C and 180 rpm prior to SDS-PAGE analysis. Control reactions were performed with and without enzymes and scaffolds as
shown. The formation of high molecular weight complexes (as for GFP in Figure 1b) confirms that the cross-linking fusion tags are functional.
Results for His-EutM:His-SpyC-EutM-SnoopC = 3.9:1 and His-SpyC-EutM-SnoopC scaffolds are found in Figure S16. (c) Effects of N- and C-
terminal cross-linking of His-SpyT-P450BM3m-SnoopT to scaffolds on enzyme activity were determined by mixing the enzyme with His-SpyC-
EutM-SnoopC at a 1:4 molar ratio in 0.1 M phosphate buffer (pH 7.0). After dilution to achieve different molar enzyme concentrations (0.5−20
μM), samples were incubated for 1 h at 30 °C to allow for isopeptide bond formation. Specific and volumetric activities of the immobilized enzyme
samples with indole (2.5 mM) and NADPH (0.25 mM) at 30 °C and pH 7.0 were then measured with 40 μL of the immobilization mixtures in 200
μL reactions (5-fold dilution) to obtain the final enzyme concentrations shown. The formation of indigo and consumption of NADPH were
spectrophotometrically monitored. Control reactions were performed without scaffolds. At P450 enzyme concentrations >0.8 μM, NADPH was
consumed after 30 s, preventing reliable activity measurements. The same experiments were performed with unmodified His-P450BM3m as a
control (see Figure S17). (d) Influence of different scaffolds on P450BM3m and PTDH activities was determined by immobilizing P450BM3m (8
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including indole into the blue indigo for convenient activity
assessment.44−46 For cofactor recycling and the operation of a
two-enzyme cascade on scaffolds (Figure 7a), we selected an
engineered PTDH that is known to work with
P450BM3.19,41,47,48 For scaffold conjugation and cross-linking,
the N and C termini of P450BM3m and PTDH were modified
with Spy/Snoop-Catcher and -Tag fusions. While comparing
the kinetic properties of the enzymes (Tables 1 and 2), we
found that fusion of the larger Catcher domains (9.1 kDa SpyC
and 12.6 kDa SnoopC) completely inactivated P450BM3m
and reduced the activity of PTDH more than 10-fold. The
addition of the smaller Spy/Snoop-Tag did not significantly
impact enzyme activities and thus yielded active enzymes for
conjugation to SpyC-EutM-SnoopC-modified scaffolds. Under
the reaction conditions tested (0.1 M sodium phosphate
buffer, pH 7.0, 30 °C), P450BM3m exhibited non-Michaelis−
Menten, sigmoidal kinetics (Figure S15), which has been
reported for P450BM3 with non-natural substrates like indole
and different buffer conditions.46,49−53 This sigmoidal behavior
was more pronounced when measuring steady-state kinetics

with varying concentrations of NADPH (5 mM indole) as
indicated by a more than 3-fold higher Hill coefficient (2.0 vs
6.6 for His-SpyT-P450BM3m-SnoopT) (Table 1), suggesting
homotropic cooperativity and/or NADPH uncoupling. Each
enzyme (His-SpyT-P450BM3m-SnoopT and His-SpyT-
PTDH-SnoopT and controls His-P450Bm3m and His-
PTDH) was then individually conjugated His-SpyC-EutM-
SnoopC and hybrid His-EutM:SpyC-EutM-SnoopC scaffolds
at a 1:4 molar ratio to the dual-modified EutM building block.
At this molar ratio, we obtained efficient conjugation of GFP
cargo and expected to achieve sufficient spacing of the
immobilized catalysts,14 especially considering the large size
of P450BM3m (248 kDa for the dimer). Both enzymes were
efficiently cross-linked individually as well as together to
scaffolds and formed higher molecular weight complexes as
observed with the GFP cargo (Figures 7b and S16). Because
P450BM3m is a highly dynamic protein that associates as a
functional dimer,54 we determined its specific and volumetric
activities at different enzyme concentrations for indigo
formation and NADPH consumption when conjugated at

Figure 7. continued

μM) or PTDH (0.5 μM) as in (b) prior to activity measurements. Control reactions were performed without scaffolds and enzymes without SpyT
and SnoopT fusions. Specific activities for P450BM3m were measured with indole as in (c) by monitoring indole formation. Specific activities for
PTDH were measured with sodium phosphite (1 mM) and NADP+ (0.25 mM) by monitoring NADPH formation. Reactions were performed with
40 μL immobilization samples in 200 μL assays at 30 °C and pH 7.0. Using the same setup, stability of the immobilized enzymes was determined
by measuring specific activities immediately and after up to 168 h (30 °C, pH 7.0) after mixing of enzymes and scaffolds (Figures S18 and S19). For
(b,c), detailed protocols with protein concentrations are provided in the Methods. For (c,d), data are shown as mean values ±SD and error bars
represent the standard deviations of four replicates with one set of purified proteins.

Table 1. P450BM3m Kinetic Parameters

enzyme Km (μM) kcat (s−1) kcat/Km (M−1 s−1) Hill coefficient

indolea

His-P450BM3m 631.8 ± 46.8 0.1 ± 0.01 2.3 × 102 2.7 ± 0.3
His-SpyT-P450BM3m-SnoopT 691.3 ± 18.3 0.2 ± 0.003 2.8 × 102 2.0 ± 0.1

indoleb

His-P450BM3m 179.3 ± 22.2 0.6 ± 0.03 3.3 × 103 1.6 ± 0.2
His-SpyT-P450BM3m-SnoopT 302.1 ± 27.8 0.8 ± 0.03 2.6 × 103 1.3 ± 0.1

NADPHa

His-P450BM3m 70.7 ± 2.3 0.1 ± 0.01 2.1 × 103 7.0 ± 1.2
His-SpyT-P450BM3m-SnoopT 74.4 ± 0.8 0.2 ± 0.004 2.4 × 103 6.6 ± 0.2

lauric acidb

His-P450BM3m 121.1 ± 14 2.2 ± 0.1 1.8 × 104 1.5 ± 0.3
His-SpyT-P450BM3m-SnoopT 95.8 ± 6.2 2.5 ± 0.1 2.6 × 104 1.8 ± 0.3

aCalculated by measuring indigo formation at 670 nm. bCalculated by measuring NADPH oxidation at 340 nm. *Enzyme reactions were
performed at 30 °C in sodium phosphate buffer (pH 7.0) with 0.4 μM His-tagged wild-type dual-modified P450BM3m (see Methods). The His-
SnoopC-P450BM3m-SpyC fusion protein was inactive, and no kinetic parameters could be measured. Data are shown as mean values ±SD and
error bars represent the standard deviations of four replicates with one set of purified proteins. Kinetic fitting curves are shown in Figure S15.

Table 2. PTDH Kinetic Parametersa

enzyme Km (μM) kcat (s−1) kcat/Km (M−1 s−1)

NADP+

His-PTDH 9.5 ± 1.1 2 ± 0.1 2.1 × 105

His-SpyT-PTDH-SnoopT 6.5 ± 0.4 1.5 ± 0.02 2.3 × 105

His-SnoopC-PTDH-SpyC 5.2 ± 0.9 0.1 ± 0.001 1.2 × 104

Na2HPO3

His-PTDH 69 ± 2.1 2.1 ± 0.01 3.1 × 104

His-SpyT-PTDH-SnoopT 56.9 ± 5.9 1.5 ± 0.03 2.7 × 104

His-SnoopC-PTDH-SpyC 33.9 ± 4.9 0.1 ± 0.003 2.3 × 103
aEnzyme reactions were performed at 30 °C in sodium phosphate buffer (pH 7.0) with 0.03−0.25 μM PTDH (see Methods). Data are shown as
mean values ±SD and error bars represent the standard deviations of four replicates with one set of purified proteins.
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either terminus to His-SpyC-EutM-SnoopC scaffolds (1:4
molar ratio of the enzyme to scaffold building block) (Figure
7c). The highest volumetric activity for indigo formation was
achieved with 1.6 μM dual-modified P450BM3m attached to
the scaffolds. Scaffold attachment also benefited NADPH
oxidation activity. Interestingly, control reactions with
unmodified P450BM3m show a similar trend, suggesting that
the scaffolds by themselves without cross-linking provide a
beneficial reaction environment presumably through inter-
actions between enzymes and scaffold proteins (Figure S17).
Next, we compared specific activities of P450BM3m and

PTDH immobilized to different scaffolds (1:4 molar ratio of
the enzyme to the conjugating scaffold building block).
Control reactions were performed with no scaffolds and

unmodified enzymes. The final reactions were performed with
the optimal P450BM3m concentration of 1.6 μM (which gave
the highest volumetric activity, Figure 7c) or with 0.1 μM of
the much more active PTDH (Tables 1 and 2). As observed
before, scaffolds did not reduce enzyme activities, and cross-
linking slightly increased specific activities of P450BM3m or
PTDH (Figures 7d, S18, and S19). Scaffold type did not
significantly affect the enzymes’ specific activities, except that
activities with His-EutM:SpyC-EutM-SnoopC = 8.8:1 hybrid
scaffolds were slightly lower. Due to the high turbidity of these
macroscale scaffolds that also adsorbed some of the formed
indigo (yielding blue scaffold material), P450 activity measure-
ments were challenging, resulting in large standard deviations.

Figure 8. Coimmobilization of P450BM3m and PTDH onto hybrid scaffolds. (a) TEM of His-EutM:SpyC-EutM-SnoopC = 8.8:1 hybrid scaffolds
with coimmobilized P450BM3m and PTDH shows cross-linked tube-like structures enveloped in a dense coating as in Figure 6a with GFP.
Samples were prepared by coimmobilizing 15 μM of each enzyme with 120 μM His-EutM:SpyC-EutM-SnoopC = 8.8:1 as in Figure 7b. Samples
were diluted (1 mg/mL) prior to TEM. Additional images and magnifications (10k−120k×) are provided in Figure S20. (b) Testing of the coupled
reaction system with free His-PTDH and His-P450BM3m. For indole conversion (blue), reactions were performed at 30 °C and pH 7.0 in 0.1 M
phosphate buffer with1.6 μM His-PTDH and 0.4, 0.8, or 1.6 μM His-P450BM3m and 2.5 mM indole, 10 mM sodium phosphite, and 0.25 mM
NADP+. After 15 min, indigo was spectrophotometrically quantified. For lauric acid conversion (gold), reactions were performed under the same
conditions and concentrations but with 2.5 mM lauric acid. Reactions were stopped after 15 min and hydroxylauric acids (combined 9-, 10-, and
11-hydroxylauric acids, see Figures S24 and S25) were quantified by a gas chromatography-flame ionization detector (GC-FID). (c) Demonstration
of coupled reaction with P450BM3m and PTDH coimmobilized onto scaffolds. Dual-modified P450BM3m and PTDH (6.4 μM each) were
coimmobilized onto scaffolds (or no scaffolds as a control) at a 1:4 molar ratio of enzymes to the cross-linking scaffold building block in the
scaffolds as in Figure 7d. 1 mL of lauric acid conversion reactions was then performed for 10 min with 500 μL of enzyme mixture (3.2 μM final
enzyme concentrations) with the conditions in (b). Relative amounts of hydroxy lauric acid conversion products for the reactions are shown in
Table S2. (d) Two-phase reaction system for lauric acid conversion. A 5 mL reaction was set up with 2.5 mL immobilized enzyme mixtures as in
(c) but with 0.8 μM His-SpyT-P450BM3m-SnoopT, 3.2 μM His-SpyT-PTDH-SnoopT, 50 mM sodium phosphite, 0.5 mM NADP+, and 20 mM
lauric acid in 20% (v/v) dodecane. Reactions were performed at 30 °C, 120 rpm and hydroxylauric acid products quantified. Detailed protocols
with protein concentrations for scaffolds and enzymes are provided in the Methods. Data in (b−d) are shown as mean values ±SD and error bars
represent the standard deviations of four replicates with one set of purified proteins.
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Finally, enzyme stability was measured by incubating the
scaffolded and unscaffolded enzymes and controls under the
above conditions (pH 7.0, 30 °C) and concentrations (8 μM
P450BM3m or 0.5 μM PTDH conjugated at a 1:4 molar ratio
of the enzyme to conjugating scaffold building block) for up to
168 h (7 days) prior to activity measurements with 5-fold
diluted samples containing 1.6 μM P450BM3m or 0.1 μ M
PTDH (Figures S18 and S19). Under these incubation
conditions, P450BM3m was remarkably stable with little loss
of activity. PTDH was less stable with the unmodified and
dual-modified enzymes retaining 50% and 35%, respectively, of
their activities after 7 days. In the presence of scaffolds, the
stabilities of the enzymes increased about 15%. Interestingly,
only the hybrid scaffolds increased dual-modified PTDH
stability, while scaffold protein addition regardless of type
stabilized the unmodified PTDH, suggesting that surface
attachment and the resulting different electrostatic environ-
ments matter for enzyme stability.
In summary, these results demonstrated that the designed

scaffolding system functions as an effective enzyme immobi-
lization platform that is even compatible with a large,
multidomain enzyme like P450BM3m. In addition, the
scaffolds can stabilize less stable enzymes as we have observed
before.14,16

Coimmobilization of P450BM3m and PTDH Oper-
ation of Two-Enzyme Reaction. As a final test, we
coimmobilized P450BM3m and PTDH onto our scaffolds
for cofactor recycling and to demonstrate catalysis with more
than one enzyme (Figure 7a). P450BM3m and PTDH are
efficiently coimmobilized to hybrid His-EutM:SpyC-EutM-
SnoopC = 8.8:1 scaffolds, forming large molecular weight
complexes similar to those observed with the conjugated,
individual enzymes (Figure 7b). Negative staining TEM of
diluted hybrid scaffolds (Figures 8a and S20) with the
coimmobilized enzymes shows parallel aligned tubes that are
enveloped by a thick film, indicating successful coating and
cross-linking of scaffolds with the two cargo enzymes as
observed with GFP (Figures 6a and S14).
During optimization of the coupled reaction of P450BM3m

and PTDH with the free enzymes for NADPH recycling with
indole as the substrate, we unexpectedly found that at higher
P450BM3m concentrations (including the optimal scaffold
immobilization concentration of 1.6 μM determined in Figure
7c for the highest volumetric activity) and 0.25 mM NADPH,
indigo production was either completely abolished or greatly
inhibited in the coupled system compared to P450BM3m-only
reactions with 0.25 mM NADPH (Figures 8b and S21). We
suspected that this inhibition may be caused by the production
of inactivating oxygen species and/or H2O2

38,55,56 because of
the uncoupling of NADPH electron transfer with the non-
native indole as the substrate due to the maintenance of a high
NADPH concentration by the cofactor recycling PTDH. The
inhibition of indole conversion can be replicated with the
unmodified and dual-modified His-P450BM3m enzymes in
reactions with both high NADPH (3.5 mM) and P450BM3m
(1.6 μM) concentrations (Figure S21). We tested the same
coupled P450BM3m and PTDH reaction system with lauric
acid as the natural substrate of P450BM3. The catalytic
efficiency of P450BM3m with lauric acid was 2 orders of
magnitude higher compared to indole (Table 1). In addition,
the NADPH coupling efficiency of P450BM3m for lauric acid
was determined to be at least 10-fold higher than for indole
(54.0 ± 17.8% compared to 3.3 ± 0.5%, see Methods). No

inhibitory effect on lauric acid hydroxylation was observed at
higher P450 enzyme concentrations in the coupled reaction
system with the free enzymes (Figure 8b). We therefore
proceeded to evaluate scaffold coimmobilization of our model
two-enzyme system with lauric acid to minimize uncoupling
effects upon immobilization.
After testing different P450BM3m and PTDH concen-

trations (Figure S22), we coimmobilized P450BM3m and
PTDH at a 1:1 ratio (final enzyme concentrations in the
reaction: 3.2 μM each) onto scaffolds. Conjugation to His-
SpyC-EutM-SnoopC and His-EutM:SpyC-EutM-SnoopC =
3.9:1 or = 8.8:1 scaffolds decreased hydroxylauric acid yields
10%, 25%, and 15%, respectively, compared to the free enzyme
system, which is comparable to the reduction of lauric acid
activity obtained for carrier-immobilized P450BM338 (Figure
8c). Scaffold conjugation did not affect hydroxylation site
selectivity of P450BM3m with 9-hydroxylauric acid being the
major product followed by 10- and 11-hydroxylauric acid
(Table S2). The lower product yields of the scaffolded reaction
systems may be due to minor diffusion limitations of the
substrate in the cross-linked scaffold material but more likely
also to higher electron uncoupling when the two enzymes are
colocalized in proximity and thus exposure of P450BM3m to
high local NADPH concentrations.
To test recycling and reuse of the scaffolds, we repeated this

reaction and scaled up to 3 mL with the P450BM3m and
PTDH coimmobilized onto the His-EutM:SpyC-EutM-
SnoopC = 8.8:1 hybrid scaffolds (Figure S23) for four cycles.
After each 30 min of reaction, the scaffolded enzymes were
recovered by centrifugation and reused in the next reaction
cycle. Hydroxylauric acid yields and protein recovery after each
reaction cycle were measured for comparison. While the
P450BM3m lost over 60% of its activity after the first reaction
cycle and with almost all the enzyme inactivated after three
cycles, the hybrid scaffold material proved to be remarkably
robust, with ∼82% of the protein material recovered after 4
cycles despite the use of a relatively low protein concentration
(4.4 mg/mL) in the reaction mix.
Finally, we tested a two-phase reaction system with 20% (v/

v) dodecane, 2% DMSO, and 20 mM lauric acid (soluble up to
2 mM in water)46 for lauric acid conversion with a 4-fold
decreased P450BM3m concentration to slow conversion time
and allow for longer time course measurements (Figure 8d).
Compared to the soluble enzyme system, scaffold immobiliza-
tion did not benefit initial lauric acid conversion and had only a
small effect on the total turnover number (TTN) of the
scaffolded P450BM3m which was 3110.7 ± 148.0 compared to
a TTN of 3009.9 ± 554.1 for the free enzyme after 12 h of
reaction when maximal conversion is reached. The time course
of the conversions shows that like in the reuse experiment
(Figure S23), P450BM3m is rapidly inactivated (even at the
reduced enzyme loading), presumably due to the production of
H2O2. This together with a slow mass transfer of lauric acid
from the dodecane phase in the biphasic reaction46 results in
only a ∼12% conversion of lauric acid.
In summary, to increase conversion yields and TTN,

additional optimization efforts such as fine-tuning enzyme
activities, optimizing the reaction system for substrate delivery,
use of wild-type P450BM3, catalase incorporation,38 or
separate immobilization of P450BM3m and its NADPH
recycling system40 will be required to mitigate P450
inactivation that are beyond the scope of this work. For
demonstration purposes, the genetically programable protein-
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based scaffolding system compares favorably with other more
mature biocatalyst immobilization methods.38,39,41,57,58 It
allows for the cross-linking of a challenging and complex
enzyme without any significant reduction in activity.
Furthermore, the macroscale protein carrier material does
not appear to significantly impede substrate diffusion, probably
due to its assembly into scaffold structures composed of radial
microtube bundles with large surface areas for enzyme
conjugation and cross-linking.

■ CONCLUSIONS
We successfully developed a programmable protein scaffold
with two controllable conjugation sites for cargo attachment
and cross-linking using the isopeptide bond forming a Spy/
Snoop-Catcher and -Tag system. By controlling the coex-
pression levels of unmodified and with conjugation-site-
modified EutM, we were able to readily produce macroscale
protein materials with different building block ratios for
customizable functionalization.
We observed that higher levels of unmodified EutM or EutM

modified at the N and C termini with the smaller Spy/Snoop-
Tags promoted self-assembly into larger and denser scaffold
materials composed of microtubular, radial structures.
Although the Spy/Snoop-Catcher dual-modified EutM build-
ing blocks assemble into smaller, soluble scaffolds, coex-
pression with unmodified EutM building blocks drives the
assembly of large, insoluble hybrid scaffolds that are stable
under a range of conditions. Instead of sheet-like structures,
the scaffolds form hollow, rolled-up microtubes that increase in
diameter and thickness when hybrid scaffolds are coassembled
from His-EutM and SnoopT-EutM-SpyT. These microtubes
organize into clusters of radial scaffold particles with large
surface areas to which tagged cargo proteins can be rapidly
attached, coating surfaces and cross-linking tubes into larger
bundles.
We furthermore demonstrated that our designed materials

are well-suited for enzyme immobilization, supporting covalent
attachment of a complex P450 enzyme without loss of activity
and change of the product profile despite immobilization at
either end of the enzyme. Coimmobilization of two enzymes is
also readily achieved, but for our P450BM3m model system,
coimmobilization of PTDH exacerbated rapid P450 inactiva-
tion, presumably due to high local NADPH concentrations
produced by PTDH, leading to creation of reactive uncoupling
products. While this challenge may be overcome by additional
optimization of the system, this is outside the scope of this
work. Nevertheless, the recycling experiments demonstrated
that the designed protein scaffolds yield robust, macroscale
materials that can be recovered from reactions with >80% yield
after several rounds of centrifugation even when used at low
protein concentrations�which is an important property for
future applications in heterogeneous reaction systems.
We observed that the genetic fusion of the larger Spy/

Snoop-Catcher domains to cargo enzymes negatively affected
the enzyme function. Our scaffolding system can be easily
adapted to not only allow for the inclusion of alternative
genetically encoded protein−protein interaction mechanisms
for attachment but also separate cross-linking from attachment
of enzymes or other proteins.
Numerous native or designed proteins can be envisioned to

be utilized as cross-linkers to control material properties, while
the attachment of enzyme or other proteins will yield
functional materials, for example, for biomanufacturing, as

functional coatings or conducting and sensing materials. For
biocatalytic applications, our genetically engineered materials
enable specific and precise enzyme attachments via genetically
fused tags as opposed to the unspecific and often multipoint
(impeding enzyme activity) attachments of traditional
immobilization systems. This work serves as a first step toward
using scaffold building blocks and different conjugation tags for
the design of materials with which to control enzyme loading
and spatial organization. By taking advantage of the natural
diversity as well as engineerability of our scaffold building
blocks, future scaffolds could present surface properties
optimized to support individual enzyme functions and provide
operational benefits, e.g., for cofactor, substrate, or product
mobilization. Future efforts should also be directed toward the
design of a programmable switch with which to better control
the assembly of hexamers into soluble or insoluble, macroscale
scaffolds, which would allow one-step functional material
production and recovery as a major cost reduction step for
future process scale-up as well as improved control over
material composition and structures, potentially reducing
scaffold heterogeneity. Future incorporation of different
genetically encoded cross-linkers independent of cargo
proteins and enzymes will add yet another dimension to the
programmability of our platform.
In summary, together with the prospect of eventually

programming the fabrication of the entire material in a
recombinant cell-based or, in the future, cell-free system, our
robust scaffolding system provides a highly adaptable and
customizable platform for the design of a multitude of
functional materials.

■ METHODS
Materials and Chemicals. All chemical reagents were

purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise noted. Lauric acid (≥99.0% GC, catalog #61610),
palmitic acid (≥98.5%, catalog #76120), and 12-hydroxylauric
acid (≥97%, catalog #55499) were obtained from Honeywell
Fluka (Morris Plain, NJ, USA). Except for the PCRBIO VeriFi
Mix from Genesee Scientific (Morrisville, NC, USA) used for
colony PCR, all other molecular biology reagents (HiFi DNA
Assembly Master Mix for Gibson assembly and other enzymes)
were obtained from New England Biolabs (Ipswich, MA,
USA). Oligonucleotides were purchased from Integrated DNA
Technologies, Inc. (Coralville, IA, USA).
For purification and PAGE analysis of proteins, Spectra/Por

Dialysis Tubing (MWCO 6−8 kDa) from Spectrum Life
Sciences (Rancho Dominguez, CA, USA) was used for dialysis,
and HisPur Ni-NTA resin from Thermo Fisher Scientific
(Waltham, MA, USA) was used for metal affinity chromatog-
raphy. For P450BM3m purification, Roche cOmplete Protease
Inhibitor Cocktail tablets purchased from Sigma-Aldrich were
used. The Pierce BCA Protein Assay Kit from Thermo Fisher
was used to quantify protein concentrations. Except for
Coomassie brilliant blue from Sigma-Aldrich, all other reagents
for PAGE (TEMED, Precision Plus Protein prestained protein
standard (catalog #161-0373), and 30% acrylamide and bis-
acrylamide solution (37.5:1)) were obtained from Bio-Rad
(Hercules, CA, USA). A Milli-Q water purification system
(MilliporeSigma, Burlington, MA, USA) was used to filter
deionized water to prepare ultrapure water with a final
electrical resistance higher than 18.2 MΩ cm−1.

Bacterial Strains, Media, and General Cloning
Methods. Cloning and plasmid propagation were done in E.
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coli TOP10 (Invitrogen, Carlsbad, CA, USA), while E. coli
BL21 (DE3) (New England Biolabs, Ipswich, MA, USA) was
used for expression of proteins for purification. E. coli strains
were grown in Luria broth (LB; tryptone 10 g/L, NaCl 5 g/L,
yeast extract 10 g/L) medium supplemented with appropriate
antibiotics [100 μg/mL ampicillin (LB-Amp) or 30 μg/mL
kanamycin (LB-Km)] for plasmid maintenance. For cyto-
chrome P450BM3m protein expression and purification, LB
medium was replaced with Hyper Broth (AthenaES, Baltimore,
MD, USA).
Plasmid transformation into E. coli followed standard

molecular biology techniques. Transformants were confirmed
by colony PCR and all gene and plasmid sequences were
verified by Sanger sequencing (ACGT Inc., Wheeling, IL,
USA) and complete plasmid Nanopore sequencing (Plasmid-
saurus, Eugene, OR, USA).
Plasmid Construction. Plasmids were constructed using a

combination of methods, including Gibson Assembly (HiFi
DNA assembly kit from New England Biolabs), T5
exonuclease-dependent assembly59 for fragment assembly,
and site-directed mutagenesis (Q5 kit, New England Biolabs)
for short insertions, deletions, and mutations as described
previously.14,33

For amplification and cloning of His-tagged GFP cargo and
EutM with and without SpyTag/SpyCatcher fusions, we used
previously described plasmids as templates and backbones
(pCT5BB or pET28a).14 The PTDH nucleotide sequence and
SnoopCatcher sequence were synthesized by Genewiz (South
Plainfield, NJ. USA). The wild-type P450BM3 gene was
amplified from genomic DNA isolated from Bacillus mega-
terium3,44 and three amino acid substitutions (Ala74Gly,
Phe87Val, and Leu188Gln) were introduced into the cloned
gene by site-directed mutagenesis to yield the indigo-
producing variant P450BM3m.44 Shorter Snoop/SpyTag and
GS-linker sequences and RBSs were inserted by site-directed
mutagenesis. All plasmids used and constructed are listed in
Table S3. Amino acid sequences and encoding nucleotide
sequences for EutM scaffolds, GFP cargo proteins, and
enzymes are provided in Tables S4 and S5.
Briefly, cargo protein cloning started with the assembly of

GFP into the NdeI site of pET28a, followed by the insertion of
Spy/Snoop Tag/Catcher fusions and GS-linkers up- and
downstream of GFP. GFP was replaced by PTDH or
P450BM3m to yield the corresponding cargo protein
expression plasmids. Plasmids for EutM scaffold protein
expression were constructed using pCT5BB-His-EutM14,16 as
a template to create pCT5BB-His-SnoopT-EutM-SpyT and
pCT5BB-His-SpyC-EutM-SnoopC plasmids for the expression
of dual-modified EutM proteins. Hybrid scaffold expression
plasmids were constructed by amplifying His-EutM from
pCT5BB-His-EutM along with its upstream RBS (strong
native RBS in pCT5BB referred to as RBSA) and inserting it
upstream of the RBSA site of the dual-modified EutM
expression cassettes. Site-directed mutagenesis was used to
change the His tags and delete the RBSs. RBSs with different
strengths in addition to the native RBSA from pCT5BB were
selected based on previous work32 and predictions using the
online RBS calculator developed by the Salis group (https://
salislab.net/software/predict_rbs_calculator) (Table S1).
Protein Expression in E. coli. For the expression of EutM

scaffolds from the cumate-inducible promoter on pCT5BB
plasmids, single colonies of E. coli BL21 (DE3) transformants
were inoculated into 50 mL of LB-Amp and grown overnight

(30 °C, 180 rpm). Overnight cultures were diluted 100-fold
into fresh LB-Amp (200 mL in 1 L flasks or 400 mL in 2 L
flasks) and grown at 37 °C and 180 rpm until OD600 = 0.6−1.0
when protein expression was induced with 50 μM cumate.
Induced cultures were grown for 16−20 h at 37 °C, 180 rpm,
and cells were harvested by centrifugation at 4000g for 25 min
at 4 °C. Cell pellets were stored at −80 °C until needed.
For the expression of GFP cargo proteins from the T7

promoter on pET28a plasmids, LB-Amp was replaced with LB-
Km and protein expression and cell harvest followed the same
procedure except that protein expression was induced with 0.1
mM isopropyl β-D-1-thiogalactopyranoside (IPTG). For
PTDH cargo protein expression from the T7 promoter on a
pET28a plasmid, the temperature of the overnight culture was
lowered to 25 °C prior to induction, and the induced cultures
were grown for 16−20 h at 180 rpm until harvest of cell pellets
which were stored at −80 °C until needed.
For cytochrome P450BM3m cargo protein expression from

the T7 promoter on pET28a plasmids, E. coli BL21(DE3)
transformants were grown overnight in 50 mL of LB-Km (30
°C, 180 rpm). Overnight cultures were diluted 1:20 into Hyper
Broth (AthenaES, catalog #0107, 400 mL in 2 L flasks)
supplemented with 30 μg/mL kanamycin, 1 mM MgSO4, 0.1
mM FeCl2, and 1× trace elements60 and grown (37 °C, 180
rpm) until OD600 = 1.0−1.5 (∼3−4 h). Cultures were cooled
in an ice−water bath for 20 min and then induced with 0.1
mM IPTG. To ensure sufficient heme biosynthesis, δ-
aminolevulinic acid was added (1 mM final concentration) at
this time. Induced cultures were grown at 22 °C and 140 rpm
for 16−20 h until harvest and storage as described above.

EutM Scaffold and GFP Cargo Protein Purification.
For the purification of the soluble dual-modified EutM
scaffolds and GFP cargo proteins, E. coli cells were suspended
in lysis buffer without urea (20 mM imidazole, 50 mM Tris-
HCl, 250 mM NaCl, pH 8.0) and disrupted by sonication (30
min, power 40%, pulse on 1 s, and pulse off 2 s on ice with a
Branson Sonifier). The lysed cells were centrifuged (10,000g,
30 min, 4 °C) and the His-tagged proteins in the supernatant
purified using the Batch Protocol with the HisPur Ni-NTA
resin according to the manufacturer’s instructions (Thermo
Fisher). Briefly, the clarified supernatant was mixed with resin
and incubated for 1 h at 4 °C. The mixture was then loaded
onto a gravity-flow column and washed with lysis buffer, and
bound proteins eluted with five resin-bed volumes of elution
buffer (250 mM imidazole, 50 mM Tris-HCl, 250 mM NaCl,
pH 8.0).
For the purification of wild-type, hybrid-EutM scaffolds,

samples for assembly testing, and native PAGE analysis of dual-
modified EutM scaffolds (Figures S2 and S4), 4 M urea was
added to both lysis and elution buffers to disassemble and
solubilize large EutM scaffolds. The purified, eluted proteins
were then concentrated with an Amicon Ultra Centrifugal
Filter (3 kDa MWCO) to a concentration of 20−40 mg/mL if
needed. To remove imidazole and/or urea, purified and
concentrated proteins were dialyzed against 50 mM Tris-HCl
buffer (pH 7.5) (or other buffers where indicated) at 4 °C
overnight using Spectra/Por Dialysis Tubing (6−8 kDa
MWCO).

PTDH and P450BM3m Cargo Enzyme Purification. E.
coli cells were resuspended and lysed by sonication as
described above, except that for P450BM3m purification, the
cell density for lysis was controlled to 4 mL of buffer per gram
of cell wet weight and 1 mg/mL lysozyme and Roche
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cOmplete Protease Inhibitor was added to the buffer according
to the manufacturer’s instructions. Proteins were purified by
Ni-NTA affinity chromatography as described above with the
exception that the column was washed with a buffer (50 mM
Tris-HCl, 250 mM NaCl, pH 8.0) containing 45 mM
imidazole and proteins were eluted with five volumes of
elution buffer. The buffer of the eluted protein samples was
exchanged to a 0.1 M sodium phosphate buffer (pH 7.0) with a
PD-10 desalting column (GE HealthCare, Buckinghamshire,
UK). Proteins were concentrated to 40−80 mg/mL with an
Amicon Ultra Centrifugal Filter (10 kDa MWCO). Con-
centrated proteins were then mixed 1:1 v/v with glycerol and
aliquots flash-frozen in liquid nitrogen for storage at −80 °C
until needed. All protein purifications were performed at least
three times from fresh transformed E. coli strains.
Labeling of His-SpyC-EutM-SnoopC Scaffolds Bound

to Beads with GFP and mCherry. A 1.6 mg portion of the
His-SpyC-EutM-SnoopC scaffold was incubated with 4 μL of
HisPur Ni-NTA resin (Thermo Scientific, 0.4 mg protein/μL
bead) in 500 μL of 50 mM Tris-HCl pH7.5 at 30 °C for 1 h.
Samples were then mixed with 10 μg/mL of unmodified His-
GFP and His-mCherry as controls or GFP-SpyT-His and His-
SnoopT-mCherry, individually or in combination. After 1 h
incubation at 30 °C, beads were washed once with 1 mL of 50
mM Tris-HCl pH7.5 and resuspended in 50 μL of this buffer
for observation of GFP and mCherry labeling by fluorescence
microscopy (see below).
SDS-PAGE and Protein Concentration Analysis. Purity

and protein sample compositions of scaffolds, cargo proteins,
and enzymes were analyzed by 15% SDS-PAGE following
standard methods with samples diluted 6× with loading buffer
and denatured for 20 min at 100 °C prior to loading. Protein
concentrations were measured with the Pierce BCA assay kit
using the manufacturer’s 60 °C protocol.
Native PAGE Analysis of EutM Scaffolds. Purified EutM

scaffold proteins were normalized to 2 mg/mL with elution
buffer containing 4 M urea and then mixed with 2× native
PAGE sample buffer (62.5 mM Tris-HCl, 40% glycerol, 0.01%
bromophenol blue, pH 6.8), separated on 4−15% Mini-
PROTEAN TGX Stain-Free Protein Gels (Bio-Rad catalog
#4568083), and stained with Bio-Safe Coomassie Stain (Bio-
Rad catalog #1610786) (Figure S2)
GFP Cargo-Cross-Linking to Different EutM Scaffolds.

Purified GFP cargo proteins (dual-modified and unmodified
control) and EutM scaffold or hybrid scaffold proteins [20−40
mg/mL in 0.1 M sodium phosphate buffer (pH 7.0)] were
mixed with the isopeptide bond-forming partners (e.g., 50 μM
His-SpyT-GFP-SnoopT with 50 μM His-SpyC-EutM-SnoopC
scaffold or with 50 μM SpyC-EutM-SnoopC in the His-
EutM:SpyC-EutM-SnoopC scaffold). Reactions were per-
formed in a 0.1 M sodium phosphate buffer (pH 7.0) (200
μL final volume) prior to mixing with sample buffer for SDS-
PAGE analysis (Figures 2b and S10) or for imaging by
microscopy or TEM (Figures 5, 6, and S14). To characterize
cargo cross-linking under different conditions, reactions were
performed with a 1:1 molar ratio of 50 μM cross-linking
partner proteins under different conditions, including 1 h at
different temperatures (4, 25, 30, and 37 °C) and 25 °C for up
to 24 h with samples taken at different intervals (Figure S3). In
addition, reactions were performed with different molar ratios
of partner proteins by mixing 50 μM EutM scaffold partner
with 12.5, 25, 50, 100, and 200 μM GFP cargo protein for 1 h

at 25 °C and 180 rpm prior to analysis by microscopy (Figures
S11 and S13).
The final scaffold and GFP cargo protein concentrations in

the samples for these reactions were (i) for 50 μM EutM
scaffolds: 1.7 mg/mL for His-SpyC-EutM-SnoopC (34.3 kDa)
(w/o His-Tag in hybrid scaffolds = 32.7 kDa, 1.6 mg/mL) and
0.8 mg/mL for His-SnoopT-EutM-SpyT (15.8 kDa) (w/o His-
Tag in hybrid scaffolds = 14.5 kDa, ∼0.7 mg/mL); (ii) for 50
μM of dual-modified EutM in the hybrid scaffold designs
containing different ratios of His-EutM (11.5 kDa, 50 μM =
0.6 mg/mL): 3.9 mg/mL His-EutM:SpyC-EutM-SnoopC =
3.9:1, 6.7 mg/mL His-EutM:SpyC-EutM-SnoopC = 8.8:1, 2.6
mg/mL His-EutM:SnoopT-EutM-SpyT = 3.3:1, and 5.1 mg/
mL His-EutM:SnoopT-EutM-SpyT = 7.6:1; and (iii) for the
different concentrations of the GFP cargo protein: 0.7, 1.3, 2.6,
5.2, and 10.4 mg/mL corresponding to 12.5, 25, 50, 100, and
200 μMHis-SnoopC-GFP-SpyC, 0.4, 0.8, 1.7, 3.3, and 6.6 mg/
mL corresponding to 12.5, 25, 50, 100, and 200 μM His-
SnoopT-GFP-SpyT, and 1.5 mg/mL corresponding to 50 μM
His-GFP.

In Vitro Scaffold Coassembly of EutM Scaffold
Building Blocks. To investigate in vitro coassembly of
purified EutM scaffold building blocks into hybrid scaffolds,
purified scaffold building blocks (2 mg/mL) in elution buffer
with urea were mixed at a 5:1 molar ratio (His-EutM:dual-
modified EutM) and dialyzed against a 50 mM Tris-HCl buffer
(pH 7.5). The assembled scaffolds were then analyzed by
native PAGE and compared to controls with single building
blocks (Figure S2). The same samples were also analyzed by
SDS-PAGE after separating soluble (S) and insoluble scaffolds
as pellet (P) by centrifugation at 12,000g for 2 min (Figure
S4).

Hybrid Scaffold Characterization. The total yield of
hybrid EutM scaffolds from 200 mL cultures was determined
by measuring the protein concentration in the eluted, purified
protein fraction (5 mL) after metal affinity chromatography.
Expression, purification, and subsequent characterization
experiments were performed with samples obtained from
three different cultures for each genetic construct. The EutM
scaffold building block ratios in the different hybrid scaffolds
were determined by measuring protein concentrations of EutM
proteins by densitometry of SDS-PAGE gels with a standard
curve of 0.1−1.0 mg/mL of purified His-EutM. Quantification
was performed using the ImageJ (version 1.530) software
following the protocol described by the Starr Lab and
originally written by Luke Miller61 (Figures 3b and S5).
Representative SDS-PAGE gels are shown in Figure S6.
To assess scaffold assembly behavior, purified hybrid

scaffolds in elution buffer with urea were normalized to 2
mg/mL with elution buffer and then dialyzed against 50 mM
Tris-HCl buffer (pH 7.5) at 4 °C overnight using Spectra/Por
Dialysis Tubing (6−8 kDa MWCO). During dialysis, insoluble,
larger scaffolds assembled, resulting in the formation of a white
protein material. These insoluble scaffolds (pellet) were
separated from soluble scaffolds by centrifugation at 12,000g
for 2 min at room temperature. The protein concentration of
the soluble fraction (S) and the insoluble scaffolds (P, pellet)
after resuspension in 50 mM Tris-HCl buffer (pH 7.5) was
measured to calculate the percentage of insoluble assembled
scaffolds of the total scaffold protein concentration as [P]/[P +
S] in % (Figures 3b and S5).
To investigate the influence of pH, temperature, and NaCl

concentrations on scaffold assembly, purified hybrid scaffolds
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in elution buffer were normalized to 3 mg/mL with elution
buffer and first dialyzed as described above into the following
buffers: 0.1 M sodium acetate (pH 5), 0.1 M sodium
phosphate (pH 6, pH 7, or pH 7.5), and 0.1 M Tris-HCl
(pH 7.5, pH 8, or pH 9). The buffer-exchanged scaffolds were
then normalized to 2 mg/mL with the same buffers without
and with NaCl to achieve final concentrations of 0, 100, or 250
mM NaCl. Samples were then aliquoted and incubated for 24
h at 4, 25, 30, and 37 °C. Scaffold assembly behavior was then
measured as described above to quantify the percentage of
insoluble scaffold protein in the samples (Figures 4, S8, and
S9).
Phase Contrast and Fluorescence Light Microscopy.

For imaging cargo loading onto EutM scaffolds (Figures 5, 6b,
S1, S11, and S13), 10 μL of protein sample was loaded onto a
glass slide and covered with a coverslip. A Leica DM4000
microscope controlled by the Leica Application Suite X
(version 3.7.4.23463) and equipped with a 100× oil-immersion
objective and filters for phase contrast or fluorescence imaging
was used for slide examination and image capture. GFP
fluorescence was visualized using a L5 fluorescence cube (BP
480/40, dichromatic mirror 505, suppression filter BP527/30)
with a 1.0 s exposure time. Red fluorescence was visualized
using a Y3 fluorescence cube (BP 532/26, dichromatic mirror
565, and suppression filter BP 570/70).
Confocal Fluorescence Microscopy. For imaging of 3D

features of EutM scaffolds cross-linked with GFP cargo (Figure
6b), 10 μL of protein sample was applied to a glass slide and
covered with a coverslip for examination with a Nikon A1plus
Ti2 microscope equipped with a 60× 1.42 oil lambda D
objective (University of Minnesota Imaging Center). The
refraction index was set to 1.51, and a GFP fluorescence cube
(excitation 488 nm, emission 525 nm) with a pinhole size
equal to 35.76 was used for illumination. Images were captured
using a Nikon A1plus camera and Nikon’s NIS Elements
software (version 5.30.02). Z stacks were acquired using the
microscope’s ZDrive for capturing 52−55 slices with a step size
of 0.1 μm.
DLS Analysis. For particle size distribution analysis of

hybrid EutM scaffolds (His-EutM:SpyC-EutM-SnoopC =
8.8:1) (as in Figure 5a) mixed with double-tagged GFP (and
untagged GFP as a control), 100 μL samples were analyzed
using a Zetasizer Nano ZS (Malvern) (Figure S12a).
Analytical Ultracentrifugation. Sedimentation experi-

ments were performed with a Beckman Optima AUC
instrument (Minnesota Nano Center, University of Minneso-
ta). Standard 2-channel Epon centerpieces equipped with
quartz windows were filled with 460 μL samples. After cell
loading, alignment, and temperature equilibration, the samples
were centrifuged using an An60-Ti rotor at 42,000 rpm and 23
°C until full sedimentation (12 h). Data were recorded by
monitoring the sedimentation of the absorbance at 485 nm and
finally, a total of 1500 scans were collected. All AUC data
analysis was carried out using the software UltraScan3, and
data editing and refinement were performed according to the
protocol as described.62 Briefly, the sedimentation velocity data
were initially fitted with the two-dimensional spectrum
analysis63 to remove time- and radially invariant noise from
the raw data and to fit the meniscus position. The
sedimentation coefficient range is then estimated from an
enhanced van Holde−Weischet analysis.64

Transmission Electron Microscopy. Scaffold protein
samples were diluted to 1 mg/mL in 0.1 M sodium phosphate

buffer (pH 7.0), and then, 10 μL of samples was dropped onto
a 200 mesh Formvar/Carbon grid (Electron Microscopy
Sciences) and allowed to adsorb for 5 min. Fluid was removed,
10 μL of Trump’s fixative (Electron Microscopy Sciences,
Hatfield, PA, catalog #11750) applied for 5 min and then
removed (with filter paper), and the grid rinsed three times
with ultrapure water. A drop of 1% aqueous uranyl acetate was
applied to the grids and immediately removed to avoid
overstaining. A JEOL-JEM1400Plus transmission electron
microscope with a LaB6 tungsten filament at 60 kV was
used to examine the grids. Images were captured using an
Advanced Microscopy Techniques XR16 camera with an AMT
Capture Engine software (version 7.0.0187) (University of
Minnesota Imaging Center) (Figures 3c, 6a, 8a, S7, S14, and
S20).

Image Analysis. Images were cropped, and scale bars were
added using ImageJ (version 1.54f). Confocal images were
analyzed using Nikon’s NIS Elements AR Analysis software
(version 5.42.04) for 3D reconstruction of the observed
structures. The screenshot function of the analysis software
was used to capture images for the slice and volume views of
the reconstructed structures (Figure 6b).

Quantification of P450BM3m Concentration. Carbon
monoxide (CO) difference spectrum analysis65 was used to
determine the concentration of active P450BM3m. For this,
purified P450BM3m enzyme was diluted into 0.1 M sodium
phosphate buffer (pH 7.0) to a final concentration of 0.5−1
mg/mL and absorbance between 400 and 500 nm was
measured with a 200 μL sample aliquot using a Varioskan LUX
Multimode microplate reader (path length = 0.58 cm)
(Thermo Fisher Scientific). The P450BM3m solution was
then saturated with CO (bubbling gas for 40−60 s) and
reduced by the addition of few grains of sodium hydrosulfite
(Na2S2O4). Another 200 μL sample aliquot was taken and the
absorbance was measured again between 400 and 500 nm.
Functional P450BM3m concentration was calculated with this
reading using the following equation: (Absorption at 450 nm
− Absorption at 490 nm)/ε x d; ε = 91 mM−1 cm−1 at 450
nm; d = path length.19,66 Measurements were performed in
triplicate with three separate samples.

P450BM3m Kinetic Measurements. Kinetic parameters
(Table 1 and Figure S15) for P450BM3m (with and without
Spy/Snoop-Tag or -Catcher fusions) were determined
spectrophotometrically with a Varioskan LUX multimode
microplate reader by monitoring NADPH concentrations at
340 nm (ε = 6.22 mM−1 cm−1) with indole or lauric acid as
substrates. For reactions with indole, indigo formation was also
spectrophotometrically quantified at 670 nm (ε = 3.9 mM−1

cm−1). Reactions were started by the addition of NADPH.
Assays were performed with four separate replicate samples

and corresponding no-enzyme control reactions at 30 °C and
600 rpm (pulsed with 10 s on and 10 s off and low force
setting) with a Varioskan LUX multimode microplate reader.
Assays were carried out in 0.1 M sodium phosphate buffer (pH
7.0) with a total reaction volume of 200 μL per sample. To
determine the kcat/Km for lauric acid and indole, the reactions
contained 40 μL of P450BM3m (final concentration 0.4 μM),
2 μL of 5−500 mM indole in DMSO (final indole
concentration 0.05−5 mM) or 16 μL of 0.625−25 mM lauric
acid in DMSO (final lauric acid concentration 0.05−2 mM),
and 10 μL of 5 mM NADPH (final NADPH concentration
0.25 mM). To determine the kcat/Km of the NADPH cofactor,
the NADPH concentration was varied from 0.025 to 0.25 mM
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NADPH (10 μL of 0.5−5 mM NADPH) and 5 mM indole (2
μL of 500 mM indole in DMSO) was used as the substrate.
Kinetic parameters were calculated using the Hill fitting
function of Origin (version 2022b).
PTDH Kinetic Measurements. Enzyme activity for PTDH

(with and without Spy/Snoop-Tag or -Catcher fusions) was
determined by monitoring NADPH concentrations at 340 nm
(ε = 6.22 mM−1 cm−1) and at 30 °C and 600 rpm (pulsed with
10 s on and 10 s off and a low force setting) with a Varioskan
LUX multimode microplate reader. Assays were performed
with four separate samples and with no-enzyme control
reactions. Assays were done in a total volume of 200 μL
containing 140 μL of 0.1 M sodium phosphate buffer (pH 7.0),
10 μL of 20 mM sodium phosphite (Na2HPO3·5H2O final
concentration 1 mM), 40 μL of PTDH (final concentrations:
0.03 μM for His-SpyT-PTDH-SnoopT, 0.05 μM for His-
PTDH, and 0.25 μM for the much less active His-SnoopC-
PTDH-SpyC), and 10 μL of 5 mM NADP+ (final
concentration 250 μM). For the determination of kinetic
parameters, either the concentration of NADP+ or sodium
phosphite was fixed in the assay at a concentration of 0.25 mM
or 1 mM, respectively, and the concentrations of the second
substrate varied from 0.02 to 1 mM for Na2HPO3 or 0.005−
0.25 mM for NADP+. All reactions were started with the
addition of NADP+ and were performed in four replicates.
Kinetic parameters were calculated using the Michaelis−
Menten fitting function of Origin (version 2022b) (Table 2).
P450BM3m NADPH Coupling Efficiency. To determine

the NADPH coupling efficiency, reactions were performed as
described above with 0.4 μM P450BM3m, 1 mM indole or
lauric acid, and 1 mM NADPH in 0.1 M sodium phosphate
buffer (pH 7.0) at 30 °C. For indole, 200 μL reactions were
followed spectrophotometrically at 340 and 670 nm until
complete consumption of NADPH after 1.5 h. The coupling
efficiency for indole was then calculated as the percentage of
indoxyl (two molecules of indoxyl form one molecule of
indigo) relative to the consumed NADPH. For lauric acid, 1
mL reactions were carried out for 1.5 h (30 °C, 180 rpm) and
reactions stopped by adding 10% (v/v) saturated NaCl H2SO4
(6 g NaCl in 10 mL 50% H2SO4). Lauric acid hydroxylation
products were then identified and quantified following
extraction and derivatization by GC mass spectrometry (GC-
MS) and a GC-FID as described below. The coupling
efficiency was calculated as the percentage of produced
hydroxylauric acid products relative to that of consumed
NADPH. All assays were performed with four separate
samples.
P450BM3m and PTDH Cross-Linking to EutM Scaf-

folds. Cross-linking of P450BM3m and PTDH cargo proteins
individually or combined to EutM scaffolds was confirmed by
SDS-PAGE (Figures 7b and S16) as described for GFP cargo
above except that the molar ratio of enzyme cargo to the
isopeptide bond-forming EutM partner was increased to 1:4.
Scaffolds and enzymes were mixed in 0.1 M sodium phosphate
buffer (pH 7.0) at 30 °C for 1 h before loading onto a gel.
Individual enzyme immobilization reactions contained the
following final concentrations: 15 μM His-SpyT-P450BM3m-
SnoopT (1.9 mg/mL) or 15 μM His-SpyT-PTDH-SnoopT
(0.7 mg/mL) mixed with 60 μM His-SpyC-EutM-SnoopC
(2.0 mg/mL) or 60 μM SpyC-EutM-SnoopC in hybrid
scaffolds His-EutM:SpyC-EutM-SnoopC = 3.9:1 (4.7 mg/
mL) or His-EutM:SpyC-EutM-SnoopC = 8.8:1 (8.0 mg/mL).
For coimmobilization, 15 μM His-SpyT-P450BM3m-SnoopT

(1.9 mg/mL) or 15 μM His-SpyT-PTDH-SnoopT (0.7 mg/
mL) (30 μM total enzyme cargo) was mixed with 120 μM
SpyC-EutM-SnoopC in hybrid scaffold His-EutM:SpyC-EutM-
SnoopC = 8.8:1 (16 mg/mL). This coimmobilized sample was
also analyzed with TEM as described above (Figures 8a and
S20). Enzyme or scaffold-only reactions served as controls for
SDS-PAGE analysis.

Effect of Scaffold Immobilization on P450BM3m
Activity and Stability. To assess the effect of scaffold
attachment on P450BM3m activity (Figures 7c and S17), 20
μM P450BM3m (dual-modified and unmodified as control, 2.5
mg/mL) was mixed at a 1:4 molar ratio with 80 μM His-SpyC-
EutM-SnoopC (2.7 mg/mL) in 0.1 M sodium phosphate
buffer (pH 7.0). This mixture was then quickly diluted with the
same buffer to achieve final enzyme concentrations ranging
from 0.5, 1.0, 2.0, 8.0, 16.0, to 20 μM followed by 1 h
incubation at 30 °C and 180 rpm for cross-linking. A 40 μL
reaction mixture was then taken out from each sample to
quantify specific and volumetric P450BM3m activities in 200
μL assays, as described above, by monitoring both NADPH
oxidation and indigo formation with 0.25 mM NADPH and
2.5 mM indole. The final P450BM3m concentrations in the
assays (after 5x dilution) ranged from 0.1 to 4 μM. Note that
NADPH oxidation could not be quantified in assays containing
1.6 μM or higher enzyme concentrations as NADPH was
completely consumed after 30 s.
To compare the effect of scaffold type on P450BM3m

activity (Figure 7d), 8 μM His-P450BM3m (1.0 mg/mL) or
His-SpyT-P450BM3m-SnoopT (1.0 mg/mL) was mixed with
32 μM His-SpyC-EutM-SnoopC (1.1 mg/mL) or 32 μM
SpyC-EutM-SnoopC in His-EutM:SpyC-EutM-SnoopC =
3.9:1 (2.5 mg/mL) or His-EutM:SpyC-EutM-SnoopC =
8.8:1 (4.3 mg/mL) and incubated for 1 h at 30 °C and 180
rpm, and the specific activity for indigo measured with 40 μL
of reaction mixture (final P450BM3m concentration, 1.6 μM
(0.2 mg/mL) in assay) as described above. To determine the
effect of scaffolds on P450BM3m stability (Figure S18), the
above reaction mixtures were incubated at 30 °C and 40 μL
samples removed at 0−168 h for measurement of specific
activity and indigo formation, as described above. All
measurements were performed with four replicates for each
enzyme immobilization reaction. Control reactions contained
no scaffolds.

Effect of Scaffold Immobilization on PTDH Activity
and Stability. To determine the effect of the hybrid scaffold
on PTDH activity, 0.5 μM His-PTDH or His-SpyT-PTDH-
SnoopT (0.02 mg/mL) was mixed at a molar ration of 1:4 with
2 μM His-SpyC-EutM-SnoopC (0.07 mg/mL) or 2 μM SpyC-
EutM-SnoopC in His-EutM:SpyC-EutM-SnoopC = 3.9:1 (0.2
mg/mL) or His-EutM:SpyC-EutM-SnoopC = 8.8:1 (0.3 mg/
mL) and incubated within 0.1 M sodium phosphate buffer (pH
7.0) at 30 °C and 180 rpm for 1 h. A 40 μL reaction mixture
was then assayed in a 200 μL assay to determine the specific
PTDH activity as described above with 1 mM sodium
phosphite and 0.25 mM NADP+ in 0.1 M sodium phosphate
buffer (pH 7.0) (Figure 7d). The effect of scaffolds on PTDH
stability was measured by incubating the reaction mixtures for
up to 168 h at 30 °C and removing 40 μL samples after set
time intervals for specific activity measurements. All measure-
ments were performed with four replicates for each enzyme
immobilization reaction. Control reactions contained no
scaffolds (Figure S19).
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Implementation of the Coupled Reaction System
with Free P450BM3m and PTDH. To test and optimize the
coupled P450BM3m-PTDH system for indole or lauric acid
conversion, reactions were performed with fixed PTDH and
ratios of P450BM3m for the conversion of 2.5 mM indole or
lauric acid (Figure 8b). For indigo conversion, indigo
formation was quantified spectrophotometrically (see kinetic
assay above) after 15 min at 30 °C (600 rpm) in 200 μL
reactions containing 20 μL of 100 mM sodium phosphite (final
concentration 10 mM), 10 μL of 5 mM NADP+ (final
concentration 0.25 mM), 2 μL of 250 mM indole in DMSO
(final concentration 2.5 mM), and 40 μL of enzyme mixture
with 8 μM (0.3 mg/mL) His-PTDH and 2, 4, or 8 μM (0.2−
1.0 mg/mL) His-P450BM3m (final concentration 1.6 μM His-
PTDH; 0.4, 0.8, or 1.6 μM His-P450BM3m) in 0.1 M sodium
phosphate buffer (pH 7.0). For lauric acid conversion,
hydroxylauric acid formation was quantified by a GC-FID
(see GC analysis below) after 15 min at 30 °C (180 rpm) in 1
mL reactions containing 100 μL of 100 mM sodium phosphite
(final concentration 10 mM), 50 μL of 5 mM NADP+ (final
concentration 0.25 mM), 80 μL of 31.25 mM lauric acid in
DMSO (final concentration 2.5 mM), and 200 μL of enzyme
mixture with 8 μM His-PTDH and 2, 4, or 8 μM His-
P450BM3m (final concentration 1.6 μM His-PTDH; 0.4, 0.8,
or 1.6 μM His-P450BM3m) in 0.1 M sodium phosphate buffer
(pH 7.0). Higher enzyme concentrations were also tested for
hydroxylauric acid formation by conducting reactions under
the same conditions with equimolar concentrations (1.6, 3.2,
6.4, 12.8, or 25.6 μM) of P450BM3m and PTDH (Figure
S22). All assays were performed with four separate samples.
Influence of P450BM3m and NADPH Concentrations

on Indole Oxidation. To characterize inhibition of indigo
formation by high P450BM3m and NADPH concentration
(Figure S21), P450BM3m spectrophotometric assays were
performed (see above) with 0.25 or 3.5 mM NADPH and with
either 0.4 or 1.6 μM (0.05 or 0.2 mg/mL) His-P450BM3m or
His-SpyT-P450BM3m-SnoopT. Indigo formation was moni-
tored and quantified at 670 nm after 20 min at 30 °C. Assays
were performed with four separate samples.
Scaffolded P450BM3m−PTDH Reaction System for

Lauric Acid Conversion. Small-scale reactions (1 mL) with
both enzymes were set up with and without (control) scaffolds
to characterize effects on the conversion (Figure 8c). For this,
6.4 μM His-SpyT-P450BM3m-SnoopT (0.8 mg/mL) and 6.4
μM His-SpyT-PTDH-SnoopT (0.3 mg/mL) were mixed at a
1:4 molar ratio of enzymes to cross-linking scaffold building
blocks with 51.2 μM His-SpyC-EutM-SnoopC (1.8 mg/mL)
or 51.2 μM SpyC-EutM-SnoopC in His-EutM:SpyC-EutM-
SnoopC = 3.9:1 (4.0 mg/mL) or in His-EutM:SpyC-EutM-
SnoopC = 8.8:1 (6.9 mg/mL) hybrid scaffolds. The mixtures
were then incubated at 30 °C and 180 rpm for 1 h to allow for
cross-link formation. Conversions were then performed in 1
mL reactions by mixing 500 μL of the scaffolded enzymes (or
enzymes only control) with 270 μL of 0.1 M sodium
phosphate buffer (pH 7.0), 100 μL of 100 mM sodium
phosphite (final concentration 10 mM), 80 μL of 31.25 mM
lauric acid in DMSO (final concentration 2.5 mM), and 50 μL
of 5 mM NADP+ (final concentration 0.25 mM), to start the
reactions. The final P450BM3m and PTDH concentrations
were 3.2 μM. After 10 min of incubation at 30 °C and 180
rpm, reactions were stopped (see assay for coupling efficiency)
and lauric acid hydroxylation products extracted and quantified

(see below). All reactions were performed with four separate
samples.
For larger-scale conversion reactions (5 mL) with 20% (v/v)

dodecane (Figure 8d) followed over 24 h, 1.6 μM His-SpyT-
P450BM3m-SnoopT (0.2 mg/mL) and 6.4 μM His-SpyT-
PTDH-SnoopT (0.3 mg/mL) were first mixed with 20 μM
hybrid His-EutM:SpyC-EutM-SnoopC = 8.8:1 (2.7 mg/mL)
(or without scaffolds as control) and incubated at 30 °C and
180 rpm for 1 h to allow for the coimmobilization of enzymes
and cross-linking of scaffolds. Conversion reactions were then
performed in 5 mL reactions by mixing 2.5 mL of the
scaffolded enzymes (or enzymes only control) with 1.4 mL of
0.1 M sodium phosphate buffer (pH 7.0), 0.5 mL of 0.5 M
sodium phosphite (final concentration 50 mM), 0.1 mL of
DMSO [final concentration 2% (v/v)], and 1 mL of 100 mM
lauric acid in dodecane [final lauric acid concentration 20 mM
and 20% (v/v) dodecane]. Reactions were started with 0.5 mL
of 5 mM NADP+ (final concentration 0.5 mM). The final
enzyme concentrations in the reactions were 0.8 μM His-
SpyT-P450BM3m-SnoopT and 3.2 μM His-SpyT-PTDH-
SnoopT. After 0.5, 1, 3, 6, 9, 12, and 24 h incubation at 30
°C and 120 rpm, 100 and 20 μL aliquots were removed from
the aqueous and dodecane phases, respectively, and combined.
Reactions were stopped (see assay for coupling efficiency) for
the quantification of lauric acid conversion products (see
below). All reactions were performed with four separate
samples.

Recycling of Scaffold-Coimmobilized P450BM3m and
PTDH for Lauric Acid Conversion. Dual-modified
P450BM3m and PTDH (6.4 μM each) were first coimmobi-
lized onto hybrid EutM:His-SpyC-EutM-SnoopC scaffolds at a
1:4 molar ratio of enzymes to the cross-linking scaffold
building block as described above. For the first reaction cycle,
conversions were performed in 3 mL reactions by mixing 1.5
mL of the scaffolded enzymes with 0.81 mL of 0.1 M sodium
phosphate buffer (pH 7.0), 0.3 mL of 0.1 M sodium phosphite
(final concentration 10 mM), and 0.24 mL of 31.25 mM lauric
acid in DMSO [final lauric acid concentration 2.5 mM and 8%
(v/v) DMSO]. Reactions were started with 0.15 mL of 5 mM
NADP+ (final concentration of 0.25 mM). The final enzyme
concentrations in the reactions were 3.2 μM His-SpyT-
P450BM3m-SnoopT and 3.2 μM His-SpyT-PTDH-SnoopT.
After 30 min incubation at 30 °C and 180 rpm, a 100 μL
aliquot was removed for the quantification of lauric acid
conversion products (see below). Another 100 μL was
removed to measure the protein concentration for SDS-
PAGE analysis (Figure S23). The remaining sample was spun
down at 5000g for 5 min at 4 °C to recover the scaffolded
enzymes. After the supernatant was removed, the material was
reused under the same conditions and in the same volume for
the next reaction cycle. All reactions were performed with four
separate samples.

GC Analysis of Lauric Acid Hydroxylation. Stopped
enzyme reaction samples were extracted twice with an equal
volume of ethyl acetate. The organic extracts were collected,
and 10 μL of 10 mM of palmitic acid (corresponding to 1 mM
after derivatization) was added as an internal reference prior to
evaporation and resuspension in 50 μL of dimethylformamide
(DMF). Resuspended samples were then derivatized for GC
analysis with 50 μL of BSTFA with 1% N,O-bis(trimethylsilyl)-
trifluoroacetamide with 1% trimethylchlorosilane (Millipor-
eSigma, Burlington, MA, USA) at 60 °C for 30 min. For
quantification by GC analysis of hydroxylauric acid products
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and the lauric acid substrate, derivatization reactions were
similarly performed with 1 mM palmitic acid (as an internal
reference) and 0.01−2 mM 12-hydroxylauric acid or 0.01−1
mM lauric acid in 50 μL of DMF to calculate detector response
factors for derivatized monohydroxylauric acids and lauric
acid.19 Peak areas of all hydroxylated lauric acid products were
combined to quantify the hydroxylation activity of
P450BM3m.
Derivatized samples were then analyzed and quantified using

an Agilent 6890 Plus gas chromatograph with a FID and
equipped with a capillary column (HP-5 ms, 30 m × 0.25 mm
× 0.25 μm, Agilent, Santa Clara, CA, USA) with the following
parameters: The FID heater temperature was set to 320 °C
and flow rates for H2, air, and make up gas (helium) were 40,
450, and 45 mL/min, respectively. A representative GC-FID
chromatogram with retention times of derivatized fatty acids is
shown in Figure S24.
To identify derivatized lauric acid oxidation products of

samples, GC-MS was performed with an Agilent 7890A GC
system and a 5975C MSD detector equipped with a capillary
column (HP-5 ms, 30 m × 0.25 mm × 0.25 μm, Agilent, Santa
Clara, CA, USA) with the following parameters: 1 μL injection
volume with a 300 °C port temperature and a split ratio of 10;
helium as a carrier gas and a temperature gradient from 40 to
300 °C with 5 °C/min and a 10 min isothermal hold at 300 °C
and a 8 min solvent delay. Representative fragmentation
spectra of derivatized 9-, 10-, and 11-hydroxylauric acids are
shown in Figure S25 and matched reported spectra19,67 and the
expected sequence of retention times.
Statistical Analysis and Reproducibility. Enzyme

kinetic parameters were calculated by using the Hill or
Michaelis−Menten fitting function in Origin (version 2022b).
R-squared values were >0.95. Standard curves for hydrox-
ylauric acid (R-squared values ≥0.99) and EutM protein
densitometry (R-squared value >0.9) analysis were created in
Microsoft Excel 365 using the linear trendline function. Mean
and standard deviations were calculated using the Average and
STDEV functions in Microsoft Excel 365. The yield, molar
ratios, and insoluble and soluble fractions of hybrid scaffolds
were measured in triplicate with protein isolated from three
independent recombinant cultures per scaffold expression
construct. All scaffold proteins and enzymes were purified at
least three times to isolate sufficient quantities for all of the
experiments. Cross-linking experiments for PAGE analysis and
microscopy were done at least twice to obtain representative
gel and microscopy images. All enzyme reactions were
performed as four separate replicate samples.
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