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Abstract: Fractal topologies, which are statistically self-similar over multiple length scales, are
pervasive in nature. The recurrence of patterns at increasing length scales in fractal-shaped
branched objects, e.g., trees, lungs, and sponges, results in high effective surface areas, and
provides key functional advantages, e.g., for molecular trapping and exchange. Mimicking these
topologies in designed protein-based assemblies will provide access to novel classes of
functional biomaterials for wide ranging applications. Here, we describe a modular, multi-scale
computational design method for the reversible self-assembly of proteins into tunable
supramolecular fractal-like topologies in response to phosphorylation. Computationally-guided
atomic-resolution modeling of fusions of symmetric, oligomeric proteins with Src homology 2
(SH2) binding domain and its phosphorylatable ligand peptide was used to design iterative
branching leading to fractal-like assembly formation by enzymes of the atrazine degradation
pathway. Structural characterization using various microscopy techniques and Cryo-electron
tomography revealed a variety of dendritic, hyperbranched, and sponge-like topologies which are

self-similar over three decades (~10nm-10um) of length scale, in agreement with models from
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multi-scale computational simulations. We demonstrate control over mesoscale topology (by
linker design), formation dynamics, and functional enhancements due to dynamic multi-
component assemblies constructed with three atrazine degradation pathway enzymes. The
described design method should enable the construction of a variety of novel, spatiotemporally

responsive catalytic biomaterials featuring fractal topologies.
Main

Fractional-dimensional (fractal) geometry — a property of shapes that are invariant or nearly
invariant to scale magnification or contraction across many length scales — is a common feature of
many natural objects'. Fractal forms are ubiquitous in geology, e.g., in the architecture of mountain
ranges, coastlines, snowflakes, and in physiology, e.g., neuronal and capillary networks, and nasal
membranes, where highly efficient molecular exchange occurs due to a fractal-induced high
surface area:volume ratio”. Fabrication of fractal-like nanomaterials affords high physical
connectivity within patterned objects’, ultrasensitive detection of target binding moieties by
patterned nanosensors”, and rapid exchange and dispersal of energy and matter’. An intimate link
between structural fractal properties of designed, nanotextured materials and functional advantages
(e.g., detection sensitivity) has been demonstrated”, and synthetic fractal materials are finding
applications in sensing, molecular electronics, high-performance filtration, sunlight collection,
surface charge storage, and catalysis, among myriad other uses®’. Many fractal fabrication efforts
have relied on top-down patterning of surfaces®. The bottom-up design of supramolecular fractal

topologies — both deterministic (e.g., Sierpinski’s triangles)”'’

and stochastic fractals (e.g.,
arborols)'"'*— has been performed with small molecule building blocks such as inorganic metal-

ligand complexes or synthetic dendritic polymers utilizing co-ordinate or covalent bonds,
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respectively. However, fractal topologies have not been designed with biomacromolecules, which
possess a wide range of functionality, biocompatibility, and whose properties are dynamically
controllable by reversible non-covalent forces'”. While fractal-like topologies have been detected

as intermediates in the formation of natural protein-based biomaterials such as biosilica and

14,15 16,17
k 5 B

sil , and observed in peptide assemblies ', their tunable construction by utilizing reversible
non-covalent interactions between protein building blocks under mild conditions remains a

fundamental design challenge.

Self-assembly of engineered proteins'® provides a general framework for the controllable
and bottom-up fabrication of novel biomaterials with chosen supramolecular topologies but these
approaches have, thus far, been applied to the design of integer (two or three)-dimensional ordered

19-24

patterns such as layers, lattices, and polyhedra ™ “". While external triggers such as metal ions and

redox conditions have been used to trigger synthetic protein and peptide assemblies'®!"*>%,

phosphorylation — a common biological stimulus used for dynamic control over protein function

— has yet to be utilized for controlling protein assembly formation.

Among stochastic fractals, an arboreal (tree-like) shape is an elementary topology that can
be generated using stochastic branching algorithms, e.g., L-systems”’, in which the probability of
branching, length and number of branches, and branching angle ranges at each iteration determine
the emergent topology (Fig. 1A). To implement a general approach for tunably building arboreal
fractal morphologies using triggerable self-assembly of protein building blocks, we envisioned the
need for three design elements: (a) multiply branching components, (b) a modular system for
connecting these components reversibly in response to a chosen chemical trigger, and (c) limited

conformational flexibility at protein-protein connection points, such that stochastic but directional
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propagation of multiple branching geometries leads to emergent fractal-like supramolecular
topologies. We chose (a) the oligomeric enzymes AtzA (hexameric) and AtzC (tetrameric) of the
atrazine biodegradation pathway™ featuring dihedral (D3 and D,, respectively) symmetry (Fig.
1B), (b) a phosphopeptide (pY) tag with its corresponding engineered high-affinity “superbinder”
Src homology 2 (SH2) domain®*", and (c) short designed linker segments as these design
elements, respectively (Fig. 1B,C,D). The sequences and conformational landscapes of the
designed protein components were obtained using a procedure implemented in the Rosetta
macromolecular modeling program aimed at making a maximum of three divalent connections
between AtzA and AtzC mediated by SH2 domain-phosphopeptide binding: first, one of the C;
axes of the crystallographic structures of the two components were aligned. (Fig. 1B). Two
alignments (Fig. 1E,F), obtained by rotating AtzA (hexamer) by 180° about its C; axis, were
considered, and the remaining two symmetry-compatible degrees of freedom for placement — the
inter-component center-of-mass distance d and rotation angle 0 about the aligned axis of symmetry
— were varied (Fig. 1B,E,F). The resulting placements were evaluated using RosettaMatch®' for
geometrically feasible fusion to the SH2 domain and phosphopeptide with the C-terminal AtzC
and N-terminal of AtzA, respectively. Loop closure and optimization of the new intra- and inter-
component interfaces generated by fusion and placement, respectively, were performed using
Rosetta Kinematic Loop Closure and RosettaDesign. Five AtzA-AtzC design pairs were chosen
for experimental characterization based on calculated interface energies in the designed
conformation, number of residue insertions in connecting loops (zero), total number of

substitutions (<5), and visual examination of design models.
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To evaluate the energetically favorable emergent structures upon assembly formation
dictated by designed inter-component interactions, the conformational landscape over all (d, 6)
pairs (Fig. 1E,F) was constructed using Rosetta SymmetricFastRelax simulations for a designed
hexamer-tetramer complex, and the calculated energies (Figs. 1E,F, S1) were Boltzmann-weighted
(using a simulation temperature parameter, T) to obtain a probability distribution P(d, 6) for
branching geometry. This distribution, in turn, was used as input for a coarse-grained stochastic
chain-growth tree generation algorithm for predicting ensembles of emergent topologies on the
micrometer length scale (Fig. 1G-K, S2). For comparison with experiments, ~100s of emergent
structures in the resulting ensemble were analyzed for fractal (Hausdorff) dimension (Dr) using
the box counting image processing technique (Fig. 1L; see Methods). A variety of assembly sizes
and fractal dimensions, Dr, could be obtained by varying three simulation parameters (also see
Supplementary Discussion): the fraction of the two components at each growing layer (cgac), the
probability of termination at any propagatable connection point (pnun), and the Boltzmann factor
(ksT), which determines the sampling of inter-component conformational diversity calculated

from Rosetta simulations (Fig. 1M-P).

Genes encoding the designed AtzA and AtzC variants and the corresponding fusions of
wild type domains were constructed and cloned into an E. coli BL21(DE3) strain harboring a
second plasmid for the inducible expression of GroEL/ES chaperones to aid protein yields.
Purified AtzA designs were each phosphorylated using Src kinase and the presence of
phosphotyrosine was confirmed using ELISA assays (Fig. S3); binding and assembly formation
with purified AtzC-SH2 domain fusions was assessed using Biolayer Interferometry and Dynamic

Light Scattering, respectively. Phosphorylation, binding and complete conversion of monomers
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into 1-10 um-sized particles upon mixing was best detected with the proteins pY-AtzAM1 and
AtzCMI (Fig. S4, S5, S6), and we chose this design pair for further characterization of assembly-
disassembly processes (Fig. 2A). Apart from fusion of pY-tag and SH2 domain, these proteins

feature 1 and 4 substitutions compared to their wild type parent, respectively (Fig. S7 and S8).

Assembly formation by a mixture of the two components and Src kinase enzyme was ATP
dependent (Fig. 2B), was accompanied by the visible and spectrophotometrically measurable (Fig.
S9) appearance of turbidity, which could be reversed by adding a phosphatase (YopH) enzyme.
The resulting distribution of particle sizes was detected by measuring hydrodynamic radii using
Dynamic Light Scattering (DLS) (Fig. 2C). Upon completion of assembly formation, the apparent
size of the particles as measured by DLS was between 1-10 um; however, this range represents
the upper limit of measurement for the instrument; actual particle sizes were expected to be larger.
Addition of monovalent competitive inhibitors, i.e. isolated SH2 domain or SH2 domain fused to
an unrelated monovalent protein (SH2-DhaA) inhibited assembly formation in a concentration-
dependent manner, demonstrating that the SH2-pYtag binding interaction underlies assembly
formation. The apparent ICsy for the observed inhibition was ~2x[AtzA-pY] (measured as
monomers) at two different concentrations of the components (Fig. 2D, S10 to S12), and in each
case ~3x[AtzA-pY] was required for complete inhibition. According to our design model, each
pY-AtzA (hexamer) makes at least two and at most three divalent connections for assembly
propagation (Fig. 1E,F); thus, the observed inhibition stoichiometries are consistent with the

existence of the designed divalent connections between AtzA-pY and AtzC-SH2 in the assemblies.

As the phosphorylation reaction requires ATP, assembly formation rates could be

controlled by varying the concentration of added ATP. For [AtzA-pY] and [AtzC-SH2] of 3 uM
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and 2 uM, respectively, [ATP] > 250 uM led to complete conversion of monomers to assemblies
within 5 minutes, whereas significantly slower rates of conversion were observed with lower
[ATP] (Fig. 2E, S13, Table S1). Visualization of assemblies using optical and fluorescence
microscopy (with Alexa-647-labeled AtzC) revealed the existence of large (>10 um) dendritic
structures (Fig. 2F, G), whose formation could be observed in real time by adding kinase and ATP

to a mixture of the two component proteins (Movie S1, Fig. S14).

Apparent hydrodynamic radius (Fig. 2F, G) and polydispersity measured with DLS (Fig.
S15 and S16) could be controlled by varying the relative stoichiometry of the two components,
and by using a weaker binding affinity variant of the SH2 domain fused to AtzC. A comparison of
assembly formation trends for the lower (Fig. 2F) and higher affinity (Fig. 2G) SH2-domain-
containing constructs shows that robust assembly formation is observed at nearly equal
concentrations of the two components. Assemblies can be formed at concentrations as low as 50
nM (Dissociation constant, Kp, for the weaker and tighter interactions were measured as ~40 and
~7 nM, respectively; Fig. S6), whereas when one component is present in excess, assembly
formation is inhibited, as expected from our branch propagation design model (Fig. 1). The
existence of greater assembly formation by “off-diagonal” non-stoichiometric concentration
combinations (particularly at low concentrations of AtzA-pY) for the tighter binding variant
compared to the weaker-binding variant (Fig. 2F, G) indicates that the inhibition caused by an
excess of the binding partner is dynamic and can be overcome using multivalency (especially for
AtzA-pY which makes three connections according to the design model) in an affinity-dependent

manncr.
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We next investigated if the dynamic and dendritic structures observed in solution by optical
and fluorescence microscopy (Fig. 2H, I) could form surface-induced fractals, and if the topology
of the surface-directed assemblies could be controlled by varying component stoichiometry. Due
to the substantial increase of surface area derived from fractal patterns, surface-induced fractals at
the nanometer-micrometer scale are attractive design targets for applications in many fields like
catalysis, fractal electronics, and the creation of nanopatterned sensors™. Assemblies with a
chosen stoichiometry of components were generated in buffer, dropped on the surface of a silicon
(or mica) chip, and the solvent was evaporated at room temperature (298 K) under a dry air
atmosphere. Visualization of these coated surfaces using Helium lon and Atomic Force
microscopy reveals striking, intricately textured patterns that coat up to 100 pm® areas (Fig. 3A-
D). Various morphologies on the micron scale including rod-like, tree-like, fern-like, and petal-
like were observed (Fig. 3A-D); image analysis revealed fractal dimensions between 1.4-1.5 (Fig.
3A,B) to the more Diffusion Limited Aggregation (DLA)-like 1.78 (Figs.3C,D, S17, and S18).
Assembly sizes and fractal dimensions could be tuned by varying the stoichiometry of components
(Fig. 3E), although some heterogeneity in morphologies was present in each sample. At 1:1
stoichiometry of the two components, DLA-like topologies with ~10 um size were observed,
whereas more dendritic assemblies were observed when unequal stoichiometry samples were used
(Fig. 3E). Similarly, smaller assembly sizes resulted when the concentration of one component

became limiting.

Fractal patterns were not observed at any component stoichiometry without addition of
ATP and Src kinase, with unphosphorylated proteins, or upon drying the buffer (to preclude

precipitation-induced assembly formation by the salt in the buffer) demonstrating that fractal
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structures are formed by designed components (Fig. S19). Similarly, fractal topologies were not
detected when long ((GSS)10), conformationally flexible Gly-Ser-rich linkers were used to fuse the
SH2 domain and pY tag to AtzC, and AtzA, respectively. In mixtures of these proteins, a densely
packed globular topology was detected with HIM, typical of amorphous precipitates (Fig. S20).
Thus, the surface-induced patterns observed with designed AtzC and AtzA are selectively formed
upon inter-component association in the designed geometries but not upon isotropic, random

association as expected for the highly flexible Gly-Ser-rich linker-containing variants.

Transmission electron microscopy of designed AtzA-AtzC proteins also revealed
branching, dendritic networks reminiscent of fractal intermediates observed in biosilica
formation'* (Fig. S21). However, the low resolution of these images precludes identification and
examination of individual protein components and their connectivity in the fractal structures. To
investigate the conformations of designed assemblies in solution and to obtain sufficiently high-
resolution structures to test the validity of our design approach, we characterized the assemblies
using cryo-electron tomography (cryo-ET; Fig. 3F,G, S22, Movies S2, S3). Assemblies generated
by mixing 3 uM pY-AtzA and 2 uM AtzC-SH2 (or corresponding AtzA and AtzC fusions with
Gly-Ser-rich linkers as controls) were blotted on a grid, frozen, and visualized on a cryo-electron
microscope. Due to the increased image contrast from Volt phase plates in our microscope setup,
pY-AtzA and AtzC-SH2 complexes in assembly tomograms were easily identified as density
clusters. In contrast, constructs with Gly-Ser-rich linkers connecting pY and SH2 domain with
AtzA and AtzC did not form porous clusters but instead (~90% of the sample) formed large, dense
globular clumps (Fig S22B) where individual components were not resolvable (also see
Supplementary Discussion). These large topology changes on the micron scale (as observed by

both cryo-ET and HIM) upon conformational flexibility changes at the nanometer scale, further
9


https://doi.org/10.1101/274183

10

11

12

13

14

15

16

17

18

19

20

21

22

23

bioRxiv preprint doi: https://doi.org/10.1101/274183; this version posted March 1, 2018. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

re-inforce the importance of directional association in our modular fractal assembly design

framework.

Computational annotation of the density clusters formed by designed components in cryo-
ET-derived images was performed based on individual molecular envelopes of components
derived from Rosetta models of pY-AtzA and AtzC-SH2, respectively, to identify inter-component
connections along assembly branches (Fig. 3F). The topology of the largest, nearly fully
interconnected assembly based on electron density (Fig. 3G), consisting of approximately 6000
individual protein components, was further analyzed, and compared with an ensemble of simulated
structures with approximately the same number of components. We compared the observed
distributions of nearest-neighbor counts for AtzA-pY (Fig. 3H, Fig S23), relative numbers of
component types incorporated (Fig. 3I) and the observed fractal dimension (Fig. 3J) of the
assemblies with ensembles of structures generated using computational modeling (Fig. 3K) and
found good agreement between the data and our simulations performed at specific parameter
values (Fig. S2). The observed nearest neighbor distribution for the AtzA-pY component shows
that a large majority of these proteins are connected to 1, 2, or 3 neighboring AtzC-SH2, in
agreement with the divalent connections envisioned in the design model and implemented in the
simulated assemblies (Fig. 1). Additionally, a small but significant number of AtzA-pY proteins
have 4 AtzC neighbors in both the computational ensemble and the cryo-ET images, which
indicates physically unconnected components being proximal to each other in space due to the
packing in the assembly (Fig. 3H). We found that the fractal dimensions from the cryo-ET images
and simulations (2.1) show good agreement (Fig. 3J,K). The expected fractal dimension for a
DLA-like cluster, which results from isotropic interactions, is 2.3 and the observed decreased

32-34

fractal dimension (2.1) indicates the non-isotropic nature and/or lack of diffusion-limited

10
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association of the underlying protein-protein interactions. Particle counting (and volume
estimation) in a convex hull enclosing the largest assembly component yields an approximate local
concentration of the proteins as ~600-700 puM, a ~125-fold increase compared to their bulk
concentration (3 uM AtzA-pY and 2 uM AtzC-SH2). While there is significant heterogeneity in
assembly sizes (~60% of the proteins adsorbed on the cryo-ET grid are parts of smaller assemblies)
and topologies (Fig. S24), the observed increase in the effective concentrations concomitant with
a large effective surface area with numerous solvent channels (Fig. 3F,G) indicates that induced
fractal-like structure formation is a viable strategy to engineer protein assemblies with favorable

sponge-like properties.

To investigate if sponge-like fractal assembly formation endows component proteins with
a functional advantage over their unassembled counterparts, we measured the catalytic
performance of component atrazine degrading enzymes (AtzA-pY and AtzC-SH2) subjected to
various environmental stresses, and when immobilized on a macroscale three-dimensional
melamine sponge scaffold. Three (AtzA, AtzB, and AtzC) of the six enzymes (AtzA-F) in the
atrazine mineralization pathway sequentially catalyze the conversion of the groundwater
contaminant and endocrine disruptor atrazine to the relatively benign cyanuric acid (Fig. 4A).
While the crystal structure of AtzB is not available, it is expected to be a dimer’”. We reasoned
that by fusing AtzB to an SH2 domain, and by using sub-stoichiometric amounts of AtzA-pY and
AtzC-SH2 that can still yield assemblies (Fig. 2H,I), AtzB can be effectively incorporated in the
assembly in a host-guest strategy (Fig. 4B). Assays with DLS, SDS-PAGE (Fig. S25), HIM
imaging (Fig. 4C, S26, and S27) and fluorescence microscopy (Fig. 4D, S28) confirmed that AtzB

was incorporated in the assembly. Given the large size (several micrometers) and high

11
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concentrations of proteins in the assembled state that were visualized in the cryo-ET data, we
reasoned that assembled proteins would be protective towards environmental stresses such as
increased temperature and mechanical shear forces that expose proteins to the air-water interface
and cause denaturation. Indeed, assembled proteins are more thermotolerant (Fig. 4E) and
withstand high shaking speeds (Fig. 4F) better than their unassembled counterparts, as evidenced
by greater retention of activity under stress. Interestingly, the activity of assembled proteins is the
highest at 200 rpm (Fig. 4F), indicating possibly enhanced mass transfer of substrates and

intermediates from the bulk under these conditions.

To investigate the potential for manufacturing a flow-through atrazine water treatment
material, we immobilized assemblies within a commercial open cell foam polymer matrix
(Basotect®) that was protected with a silicon oxide polymer surface generated from
tetracthoxysiloxane (TEOS), using previously described hydrolysis methods®®. The enzyme
assemblies were well-retained in the matrix (Fig. S29) and upon incubation with 150 uM atrazine,
produced higher levels of cyanuric acid than parallel incubations with free enzymes that had been
similarly immobilized (Fig. 4G). As the assemblies are also more robust to thermal and mechanical
stress, these results indicate that it may be feasible to use the designed assemblies with the foam
matrix for efficient atrazine removal from contaminated water. Finally, under shaking stress, the
fractal-like designed assemblies produced more cyanuric acid than those formed with components
with extended (Gly-Ser-rich) linkers (Fig. S30), indicating that a random, non-fractal-shaped

assembly (Fig. S20, S22) is less functionally advantageous.

Our results establish a modular design framework by which fusion proteins may be

designed to self-assemble into fractal-like morphologies on the 10 nm-10 um length scale. The

12
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design strategy is conceptually simple, modular, and should be applicable to any set of oligomeric
proteins featuring cyclic, dihedral, and other symmetries, such that multivalent connections along
with designed semi-flexible loops can be used to controllably generate a broad range of sizes and
morphologies of fractal shapes with proteins. Although we used SH2 domain-pY peptide fusions
as the modular connecting elements to endow phosphorylation responsiveness, the same design
strategy should be applicable for the incorporation of other peptide recognition domains,
responsive to other chemical or physical stimuli. The combination of multivalency and chain
flexibility is a key determinant of other recently discovered phases formed by proteins, including
droplets formed by liquid-liquid phase separation®’. Our results show that this rich phase behavior
of proteins also includes fractal-like morphologies that form colloidal particles with constituent
microscopic molecular networks which may be visualized at high resolution using cryo-ET. Given
the wide-ranging applications of fractal-like nanomaterials, further development in the design of
protein-based fractals described here is expected to enable the production of novel classes of

bionanomaterials and devices.

13
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Figure 1: Multi-scale Computational Design Approach for fractal assembly design with
pY-AtzA and AtzC-SH2. a, Cartoon representations of an ordered self-similar scaling fractal,
an unordered self-similar scaling fractal—note concentric circles that are self-similar at different
scales—and an unordered statistically self-similar fractal. b, Two-component library of AtzC
(tan) and AtzA (blue) positions was generated by varying the rigid body degrees of freedom
along paired C, symmetry axes. ¢ and d, Design and modeling of assembly at the molecular scale
was performed by fusing an SH2 binding domain and its corresponding phosphorylatable peptide

to AtzC (C) and AtzA (D) respectively. Linker between the SH2 domain and AtzC was designed
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to ensure near-symmetric binding between the hexamer and tetramer leading to propagation. e
and f, Flexibility analysis was performed by evaluation of the Rosetta energy landscape of
symmetrical connections and the probability of observing different connection distances and
angles were calculated using the Boltzmann distribution for two binding modes: vertex (E) and
Edge (F). g and k, Boltzmann weighted connection probabilities were utilized in a stochastic
chain-growth program with a coarse-grained protein model to generate emergent structures. (L)
Representation of expected fractal dimension (slope) for fractals analyzed in solution and on
surfaces. m to p, Fractal simulation output across varying null probabilities (Pnu) and fraction of

components (Cgqc) at fixed £T.
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Figure 2: Assembly Formation, Dissolution and Inhibition in vitro. (A) AtzAM1 can be
phosphorylated using purified Src kinase (pY-AtzAM1) and incubated with AtzCM1-SH2 to
form an assembly. Likewise, the phosphatase (YOP) enzyme can be used to disassemble these
structures. b and ¢, Assemblies were expected to form (B) and dissolve (C), respectively, as
confirmed by DLS measurements. d, Incubation of assembling components with various
concentrations of free SH2 domain and a different (monovalent) SH2 fusion protein led to robust
inhibition. e, ATP concentration was shown to control the rate of assembly formation. f and g,
Assembly formation is highly sensitive to stoichiometry of the components. Varying the
stoichiometry and the use of a weaker-binding SH2-peptide interaction (F) leads to a

perturbation of the assembly formation zone compared to the “superbinder” SH2 (G). h, The
16
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dendritic structure in solution as observed by bright field microscopy. i, Fluorescence
microscopy image of dye-labeled (Alexa Fluor 647™) AtzCM1-SH2 and a non-dye labeled pY-

AtzAM1 shows the dendritic structures in solution.
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Figure 3: Assembly formation and characterization with Helium Ion Microscopy (HIM),
Atomic Force Microscopy (AFM), and Cryo-electron Tomography, all reveal fractal-like
topologies on a surface and in solution, a to d, Longer fractal-like structures, branch-like, and ¢
to d, flower-like structures are seen in HIM and AFM. e, Representative HIM images for
assemblies obtained at different concentrations of pY-AtzAM1 (250 nM- 3 uM) while maintaing

a fixed concentration of AtzCM1-SH2 (2 pM). Increasing concentrations of pY-AtzM1 result in
17
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larger assemblies that appear more lacunar, fractal-like, and demonstrate the impact of
stoichiometry on assembly topology and size. f and g, A small and large tomogram respectively.
Subtomograms were extracted and fitted with pY-AtzAMI1 (blue spheres) and AtzCM1-SH2 (tan
spheres) models. h, Connection information between AtzA and AtzC complexes was used for
statistical analysis of the number of neighbors, which was compared to simulations. i, The
nearest-neighbor component distribution obtained from the tomograms was found to closely
match the component distributions from the simulation. (J) Image analysis (2D), using a box
counting method, of the subtomograms converted into 2D projections show similar fractal
dimension (slope) with 2D projections of structures from the simulations. 3D box counting
revealed similar fractal dimension (slope) between the subtomograms and simulations. k,
Simulation parameters found to match the experimental data include: Ppy: 0.1, Cege: 1.0, and T

9.0; three representative 2D projections with the matching parameters are shown.
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Figure 4: AtzBSH2 incorporation to construct a three-enzyme assembly. a, Atrazine
degradation pathway, enzymatic conversion of atrazine to cyanuric acid, and further enzymatic
conversion to NH3 and CO,. b, AtzB was added as an SH2-domain fusion to the two-component
(AtzA-AtzC) assembly. ¢ and d, Three-component assembly formation was validated using HIM
(C), and the incorporation of AtzB was confirmed with fluorescence microscopy (using an
Alexa-658-labeled AtzB) (D). e and f, Assemblies were found to be more thermotolerant, as
detected by incubation at a given temperature for 30 min followed by activity assays, and more
robust to mechanical shearing forces, as detected by ability to withstand shaking. g, Assemblies
and free enzymes were incorporated into a Basotect® polymer foam with different TEOS %
layers, to trap proteins, and assayed for cyanuric acid production. Proteins can be lost during the
wash step after crosslinking and the % of protein lost under each condition is indicated on top of

the bars.
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1 Extended data (microscopy images; see SI for more information):
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