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There has been some success in designing stable peptide filaments; however, mimicking the controllable
and reversible assembly of many natural protein filaments is challenging. We devised a general
computational approach to designing self-assembling helical filaments from monomeric proteins and use
this approach to design proteins that assemble into micrometer-scale filaments with a wide range of
geometries in vivo and in vitro. Cryo-electron microscopy structures of six designs are close to the
computational design models. The filament diameter can be tuned by varying the number of repeats in the
monomer. Anchor and capping units, built from monomers that lack an interaction interface, can be used
to control assembly and disassembly. The filaments provide new phenomena through interactions with
cells. We also extended the building blocks to multi-component, pH-responsive and potentially more
functional proteins to design more controllable filaments. The ability to generate dynamic, highly ordered
structures that span micrometers from protein monomers opens up possibilities for the fabrication of new

multiscale metamaterials.
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Chapter 1: De novo design of single component

self-assembling helical filaments

Abstract

We describe a general computational approach to designing self-assembling helical filaments from
monomeric proteins and use this approach to design proteins that assemble into micrometer-scale
filaments with a wide range of geometries in vivo and in vitro. Cryo—electron microscopy structures of six
designs are close to the computational design models. The filament building blocks are idealized repeat
proteins, and thus the diameter of the filaments can be systematically tuned by varying the number of
repeat units. The assembly and disassembly of the filaments can be controlled by engineered anchor and
capping units built from monomers lacking one of the interaction surfaces. The ability to generate
dynamic, highly ordered structures that span micrometers from protein monomers opens up possibilities

for the fabrication of new multiscale metamaterials.



Introduction

Natural protein filaments differ considerably in their dynamic properties: some, like collagen, are
relatively static with turnover rates in order of several weeks (/—4), while others, like cytoskeletal
polymers, are dynamic--growing or disassembling in response to changing physiological conditions (3,
5-7). The fraction of the total residue-residue interactions in the filament that are within (rather than
between) the monomeric building blocks is generally higher for dynamic polymers; the monomers are
usually independently folded structures rather than relatively extended polypeptides (Fig. 1A). While
there has been success designing peptide filaments in the first class by staggering extended interaction
motifs and generating end to end interactions between peptide coiled coils (8—/4), the accurate
computational design of reversibly assembling filaments built from folded protein monomers is an as yet
unsolved challenge. Much of the progress in recent years in computational design of self-assembling
nanomaterials has relied on building blocks with internal symmetry, which allows the generation of
architectures with tetrahedral, octahedral and icosahedral point group (/5—17) and 2D crystal space group
(18) symmetry through the design of a single new protein-protein interface. In contrast, the building
blocks in most reversibly assembling filaments have no internal symmetry, and hence multiple designed
interfaces are required to drive formation of the desired structure. The reduced symmetry also makes the

sampling problem more challenging, as the space of possible filament geometries is extremely large.

Computational Design Method

To tackle the challenge of de novo designing dynamic protein filaments, we devised a computational
approach that exploits the requirement for multiple inter-monomer interfaces to reduce the size of the
search space (Fig. 1C). Simple helical symmetry results from repeated application of a single rigid body
transform; we also consider architectures in which multiple such simple helical filaments are arrayed with
cyclic symmetry. Hence the search is over the 6 rigid body degrees of freedom, and the discrete degrees
of freedom associated with the different cyclic symmetries. The approach starts from an arbitrary
asymmetric protein monomer structure, and generates a second randomly oriented copy in physical
contact by 1) applying a random rotation (3 degrees of freedom), 2) choosing a random direction (two
degrees of freedom), and sliding the second copy towards the first until they come into contact (Fig. 1C,

left; the sliding into contact effectively reduces the number of degrees of freedom from the six for an
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arbitrary rigid body transform to five). Successive monomers related by the filament defining rigid body
transform need not themselves be in contact, and such arrangements are rare in biology. To go beyond
this restriction, we consider not only filaments generated by the rigid body transform relating the two
contacting monomers, but also those generated by the n-th root of this transform, where n ranges from 2
to 5--with a choice of n = 4, for example, the 1st monomer will be in contact with the 4th monomer (Fig.
1C, bottom, Fig. S1). We also consider filaments with cyclic symmetry generated by application of Cn
symmetry operations around the superhelical axis, where n is between 2 and 5 (Fig. 1C, middle). In all
cases, we then generate several repeating turns of the full filament by repeated application of the rigid
body transformation and cyclic symmetry operations, eliminate geometries with clashing subunits, and
require the existence of at least one additional interface beyond that generated in the initial sliding into
contact step. Filament architectures with multiple interacting surfaces predicted to have low energy after
design (/9) are selected, and Rosetta combinatorial sequence optimization is carried out on a central
monomer, propagating the sequence to all other monomers. The resulting designs, which span the range
of helical parameters (diameter, rise, and rotation, table S1) of native filaments (Fig. 1B, blue dots), are
filtered for high shape complementarity, low monomer-monomer interaction energy and few or no buried

unsatisfied hydrogen bonds.

We chose as the monomeric building blocks a set of 15 de novo Designed Helical Repeat proteins (20)
(DHRs) which span a wide range of geometries and hence can give rise to a wide range of filament
architectures. In addition to shape diversity, the DHRs have the advantages of very high stability and
solubility, and are likely to tolerate the substitutions needed to design the multiple interfaces required to
drive filament formation. They can also be extended or shortened simply by addition or removal of one or
more of the 30-60 residue repeat units, potentially allowing tuning of the diameter of designed filaments.
Starting from both the computational design models and the x-ray crystal structures of the DHRs, we
generated 230000 helical filament backbones as described above and selected 124 designs for
experimental testing (we refer to these as de novo Designed Helical Filaments or DHFs throughout the

text; for comparison with filaments generated from native backbones, see Fig. S2).

Biophysical characterization

The designs were expressed in Escherichia coli under the control of a T7 promoter and purified using
immobilized metal affinity chromatography (IMAC). Eighty-five of the designs were recovered in the

9
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IMAC eluate, while 22 were in the insoluble fraction (17 designs were not found in either fraction).
IMAC celuates were concentrated, and filament formation was monitored by negative stain electron
microscopy (EM); insoluble designs were characterized by EM either directly in the initial insoluble
fraction, or after solubilization in guanidine hydrochloride, IMAC, and subsequent removal of denaturant.
A total of 34 designs (15 soluble and 19 insoluble) were found to form one-dimensional nanostructures
(Fig. S3 and S4). A subset of the designs were synthesized as SUMO fusions to prevent premature
filament formation; the SUMO tag was removed using SUMO protease and the samples characterized by
negative stain EM (Fig. S5).

Structural characterization

We chose six designs with a range of model architectures and highly ordered negative stain EM
morphologies for higher resolution structure determination by cryo-electron microscopy (cryoEM). We
determined the filament structures and refined helical symmetry parameters using iterative helical real
space reconstruction in SPIDER (21, 22), followed by further 3D refinement in Relion (23) and Frealign
(24). In all six cases, the overall orientation and packing of the monomers in the filament were similar in
the experimentally determined structures and design models, but there was considerable variation in the
accuracy with which the details of the interacting interfaces were modeled (Fig. 2, Fig. S6). Subtle shifts
in the interaction interfaces in several cases altered the designed symmetry; DHF119 for example, was
designed to be C1 but the cryoEM structure has C3 symmetry (helical lattice plot comparisons are in Fig.
S7). Four of the six designed filaments matched the computational models at near-atomic resolution: for
DHF38 and DHF 91 the experimentally observed rigid body orientation was nearly identical to the design
models (0.9 A and 1.2 A r.m.s.d. over three chains containing all unique interfaces), for DHF46 and
DHF119 the r.m.s.d. over three chains was 2.3 A, and for DHF91 and DHF58, 3.6 and 4 A. The structure
of DHF119 was solved to 3.4 A resolution; the backbone and side chain conformations at the subunit
interfaces are very similar to those in the design model (Fig. 2G).

Modular tuning of fiber diameter

To determine whether the filament diameter could be modulated by changing the number of repeat units
in the monomer, we generated a series of DHF58 variants that retain the fiber interaction interfaces but
have three, four, five or six repeats in the protomer. The designs were expressed, purified and
characterized by negative stain EM: consistent with the computational models (Fig. 3A), the diameter of

the filaments changes linearly with the number of repeat units (Fig. 3B, C).
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Characterization of fiber growth and disassembly

We monitored assembly dynamics in vitro by solution scattering and in living cells using fluorescence
microscopy with monomers fused to green fluorescent protein (GFP). The extent and kinetics of DHF119
filament formation in vitro was strongly concentration-dependent. Filament nucleation was too fast to
observe by manual mixing; the rate of the observed elongation phase was linear with respect to monomer
concentration, and extrapolation of the plateau values from progress curves back to zero yielded a critical
concentration of 3 pM (Fig. S8). Upon dilution below the critical concentration, filaments disassembled
in several hours (Fig. S9). In E. coli following induction of expression of DHF58-GFP, discrete punctae
were first observed, which over time resolved into filaments up to microns in length (Fig. 4A, Movie S1;
the punctae may simply be filaments below the resolution limit of the microscope, approximately 250
nm). The filaments formed in vivo have high stability: after lysis of bacteria expressing the monomer by
lysogenic phages, the filaments largely retain their shape (Movie S2).

Natural systems achieve remarkable complexity and diversity of filament-based structures through
modulating the nucleation, growth, and cellular location of the polymers. In some natural systems,
nucleation and location are controlled by complexes that act as templates that initiate new growth and
anchor filaments to specific locations, like the gamma-tubulin ring complex for microtubules and the
Arp2/3 complex for actin. We sought to replicate this mechanism of control by designing multimeric
anchor constructs, with multiple monomeric subunits held close to the relative orientations in the
corresponding filaments by a fusion to designed homo-oligomers with the appropriate geometry (Fig.
S10; one of the interaction interfaces is eliminated to restrict fiber growth in one direction). For example,
anchor DHF119 C6 (Fig. 4B) is a hexamer in which each monomer consists of a designed
oligomerization domain fused to the fiber monomer; the orientations of the monomers in the hexamer are
close to those in the filament structure to promote both nucleation and fiber attachment. To study the
kinetics of filament formation in vitro in more detail, we attached the anchors to glass slides, added
monomers fused to yellow fluorescent protein (YFP) and monitored fiber formation by total internal
reflection (TIRF) microscopy. The anchors seeded the rapid growth of multiple micron length fibers over
30 minutes (Fig. 4C, Movie S3; for analysis of growth kinetics of a second fiber see Fig. S11). Few or no
fibers were observed to grow from the glass slide surface when it was coated with an anchor designed for
a different fiber (Movie S4), or with no anchor at all (Movie S5). Attachment of biotinylated anchor to
streptavidin-coated beads, followed by incubation with filament monomer resulted in an extensive
network of filaments emanating from the beads (Fig. 4D, left panel); in contrast, very few filaments were
observed around control beads that lacked the anchor protein (Fig. 4D, right panel).

To determine whether filament dissolution could also be modulated by designed accessory proteins, we
produced monomeric capping units lacking one of the two designed interfaces in the DHF119
filament--these caps are expected to add to one end of the filament, but not the other, preventing further
elongation (since the two ends of the filaments are distinct, there are two types of caps). Addition of
increasing concentrations of the caps to already formed filaments resulted in shrinking and ultimately
disappearance of the filaments (Fig. S12), suggesting that filaments are dynamically exchanging
protomers at equilibrium. Monitoring of cap-induced disassembly by atomic force microscopy (AFM)

11



showed that fibers incubated with equal concentrations of the protomers and single end caps disassemble
primarily from one (presumably the uncapped) end, while in the presence of both caps disassembly occurs
from both ends (Fig. 4E, Fig. S12). In the absence of caps, increasing the monomer concentration led to
growth from both ends of the fibers at a rate (~15 nm/minute per end at 18uM monomer; Fig. S12) similar
to that observed by fluorescence for anchored fiber growth (8.4 nm/minute at 18uM monomer, Fig. S11).
The observed behavior can be understood as follows. At the critical monomer concentration where fibers
neither grow or shrink, the (concentration dependent) rate of monomer addition to the ends is balanced by
the (concentration independent) disassociation rate. Caps perturb this balance by complexing with
monomers in solution (Fig. S13, bottom) effectively reducing the free monomer concentration, hence
when both end caps are present, disassembly wins out over growth, leading to a net shrinking of the
filaments. When one cap is present, the net rate of subunit addition is greater at the end where both free
monomers and free caps can add (Fig. S13, top right) than at the other end where only monomers can add
(Fig. S13, top left). Since the rate of monomer dissociation is the same at both ends, the fibers shrink
primarily from one end as observed.

Conclusion

The ability to program micron scale order from Angstrom scale designed interactions between
asymmetric monomers is an advance for computational protein design. In contrast to previous
nanomaterial design efforts relying on an already existing interface within symmetric building blocks,
proper assembly requires the design of two independent interfaces. Introduction of a small number of
hydrophobic substitutions near the periphery of dihedral complexes can promote stacking into extended
filaments since each sequence change is replicated multiple times at the stacking interface (25); the
filaments described here are instead built from monomeric building blocks and have a much wider range
of geometries since only a small fraction of possible helical assemblies contain dihedral point group
symmetry. Both designed interfaces were accurately recapitulated in four of the six structures solved by
cryoEM; despite the deviations in the interfaces in the other two, the overall filament architecture was
reasonably well recapitulated. The ability to program filament dynamics provides a baseline for
understanding the much more complex regulation of the dynamic behavior of naturally occurring
filaments. The repeat protein building blocks are hyperstable proteins robust to genetic fusion, and hence
the designed filaments provide readily modifiable scaffolds to which binding sites for other proteins or
metal nanoclusters can be added for applications ranging from cryoEM structure determination to
nano-electronics.

12
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Fig. 1. Filament architectures and computational design protocol. (A) The fraction of total residue-residue

interactions within (rather than between) monomers. (B) Super helical parameters. (C) Computational design

protocol. In (A) and (B) the properties of filaments generated by the design protocol (blue) are compared to

those of naturally occurring proteins (green).
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Fig. 2. CryoEM structure determination. Computational model (first panel), representative filaments in
cryoEM micrographs (second panel), cryoEM structure (third panel) and overlay between model and
structure (fourth panel) for (A) DHF58 - r.m.s.d. 3.3 A (B) DHF119 - rm.s.d. 2.3 A (C) DHF91 - r.m.s.d.
1.2 A (D) DHF46 - rm.s.d. 22 A (E) DHF79 - rm.s.d. 4 A (F) DHF38 - rm.s.d. 0.9 A (G) The
high-resolution structure of design DHF119 is very close to the design model. Close up views of the two
main intermonomer interfaces in the filament, with the computational model (grey) and cryoEM structure
(cyan) in sticks in the helical reconstruction density (3.4 A resolution).
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Fig. 3. Modular tuning of fiber diameter. DHF58 filament variants with different numbers of repeats
were characterized by electron microscopy. (A) Top: number of repeats. Cross sections (middle) and side
views of computational models based on the 4-repeat cryoEM structure. (B) Negative stain electron
micrographs. (C) 2D class averages.
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Figure 4. Characterization of fiber growth and disassembly. (A) Kinetics of assembly of DHF58-GFP
filaments in E. coli. (B) Construction of fiber anchors holding monomers in rigid body arrangement found
in the filament. (C) Kinetics of DHF119-YFP filament assembly in vitro on glass surface coated with
DHF119_C6 anchor. In right panel, the glass surface was coated with the non-cognate DHF91 anchor.
(D) DHF119 filaments emanating from DHF119 C6 anchor coated magnetic bead incubated with
monomer; beads on right lack anchor. (E) Disassembly of DHF119 fibers in the presence of capping units
monitored by in situ AFM. Left, image sequence showing disassembly in presence of N-caps. White
circle marks fixed position in all images. Right, positions of fiber ends vs time in solutions with N-caps,
C-caps, and N-caps + C-caps, respectively. In all cases, the DHF119 monomer concentration and the

total cap concentration are each 3.8 uM (at this concentration of monomer, fibers neither dissolve nor

grow in the absence of caps). Because they lack one of the filament interfaces, caps can only bind to one
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end; disassembly from this end will be slower as the combined on rate of caps and monomers is greater

than the on rate of monomers alone at the other end.
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Materials and Methods

Generation of Filament Models from Monomeric Building Blocks

The goal of the computational helix docking procedure was to exhaustively sample, to within
some specified resolution and acceptable interface quality, all possible ways to build a symmetric
helix from a monomeric building block. We start by enumerating all possible head-to-tail
dimeric arrangements of the monomer. The six-dimensional rigid body docking space of three
rotations and three translations is reduced to five by requiring contact between the bodies; the
three translational degrees of freedom are replaced by a two-dimensional space of normal vector
directions and a slide into contact (Fig. 1C, left). Experience suggests this reduction works
reasonably well for globular bodies (/9). The resulting dimer interface is scored using the RPX
method, and those below a cutoff are discarded. Given a head-to-tail homodimeric interface X,
docking proceeds by generating possible helix geometries containing interface X along with at
least one other interface Y. Two discrete parameters N and C determine what helices can be
constructed by repeating interface X. Parameter C specifies the cyclic symmetry of the result
(Fig. 1C middle), and parameter N specifies how many helix unit transforms are needed to
produce interface X (Fig. 1C bottom). Given X, N, and C, a rapid check of the helical spacing is
performed, as most combinations will result in clashing or overly extended helices without a
second protein interface. If this check passes, the geometry is explicitly generated and checked
for the presence of a second homomeric interface Y. Interface Y is then scored using RPX, and

the score for the overall helix is the worst of X and Y.

Interface Design

Docks with appropriate and evenly-distributed interface sizes as well as good RPX scores ((19))
were selected to perform interface sequence design in RosettaScripts. In each design trajectory,
the protomer was initially perturbed by a random rotation around its center of mass. A polymer

with the specified helical symmetry was generated using the information stored in the symmetry
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definition file, which was generated from the initial docking configuration using tools distributed
with the Rosetta Macromolecular Modeling suite. Amino acids at the interface were optimized
using Monte Carlo simulated annealing protocol available in the Rosetta Macromolecular
Modeling suite. An initial optimization step was executed with the rotamers available in the
database of residue-pair motifs and a modified score function with a down-weighted repulsive
term. Once a sequence was converged on, designable positions were allowed to minimize
side-chain torsion angles. A subsequent round of minimization was conducted with the standard
score function to obtain a conformation that corresponds to a local minimum of the energy
function. Individual design trajectories were filtered by the following criteria: the difference
between the Rosetta energy of the bound (polymeric) and unbound (monomeric) states less than
—15.0 Rosetta Energy Units, interface surface area greater than 700 A% , Rosetta shape
complementarity greater than 0.62 and unsatisfied polar residues less than 5. Designs that passed
these criteria were manually inspected and refined by single-point reversions for mutations that
were deemed not to contribute to stabilizing the bound state of the interface. The design with the
best overall scores for each docked configuration was then added to a set of finalized proteins to

be validated experimentally.

Accessory Protein Design

Capping units for DHF58 and DHF119 were designed by mutating the residue identities at the
interfaces that drive filament growth to identities in the corresponding scaffold proteins. Capping
proteins with reversions in primary sequence close to the N-terminus are referred to as N caps
while proteins with reversions in the primary sequence at the C-terminal end are referred to as
C-caps. The anchor protein DHF119 C6 was designed by fusing the monomer from designed
hexamer 3H22 to the C cap of DHF119 with a (GGS)S linker. An avi-tag
(GLNDIFEAQKIEWHE) was added to the N terminus of 3H22 for biotinylation.
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Protein Expression and Purification

Synthetic genes for 124 designs were optimized for E. coli expression and purchased from Gen9
and Genscript ligated in the multiple cloning site of the pET28b vector between Ndel and Xhol
restriction sites or in vector pCDB24 (26). This vector contains SUMO protein Smt3 from
Saccharomyces cerevisiae to prevent premature assembly in E. coli and improve solubility.
These plasmids were cloned into BL21* (DE3) (Invitrogen) E. coli competent cells.
Transformants were inoculated into 50 ml of TB medium with 200 mg L' kanamycin.
Expression proceeded for 24 hours at 37 °C following the expression via Studier autoinduction
(27) until the cultures were harvested by centrifugation. Cell pellets were resuspended in TBS
and lysed using the Bugbuster detergent (Millipore). The soluble fraction upon lysate
clarification by centrifugation was purified by Ni*" immobilized metal affinity chromatography
with Ni-NTA Superflow resin (Qiagen). Resin with bound cell lysate was washed with 10
column volumes of 40 mM imidazole and 500 mM NaCl and eluted with 400 mM imidazole and
75 mM NaCl. Both the soluble and insoluble fractions were run on an SDS-PAGE gel. Samples
that showed protein bands at the correct molecular weight were selected for screening by
electron microscopy. Proteins expressed in the pCDB24 vector were screened before and after
cleavage of the fusion protein using the SUMO protease (Fig. S5). Selected designs were
expressed at the 0.5 L scale to carry out further characterization. Expression proceeded for 24
hours at 37 °C following the expression via Studier autoinduction (27) until the cultures were
harvested by centrifugation. Cell pellets were resuspended in TBS and lysed by

microfluidization. Purification was carried out as described above.

Negative Stain Electron Microscopy

Soluble fractions were concentrated and insoluble fractions were resuspended in buffer (25mM
Tris, 75 mM NaCl, pH 8) for EM screening. A drop of 6puL (1ul sample instantly diluted with
Sul of buffer) was applied on negatively glow discharged, carbon-coated 200-mesh copper grids
(Ted Pella, Inc.), washed with Milli-Q Water and stained using 0.75% uranyl formate as

described previously (28). The screening was performed on either a 120kV Tecnai Spirit T12
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transmission electron microscope (FEIL, Hillsboro, OR) or a 100kV Morgagni M268 transmission
electron microscope (FEI, Hillsboro, OR). Images were recorded on a bottom mount Teitz
CMOS 4k camera system. The contrast of the images was enhanced in the Fiji software (29) for

clarity.

CryoEM Sample Preparation and Data Collection

CryoEM samples were prepared by applying protein to glow-discharged C-Flat holey-carbon
grids (Protochips Inc.), blotting with a Vitrobot (FEI co.), and plunging into liquid ethane. For
DHF58, DHF46, DHF79, and DHF91 samples, data was collected on a Tecnai G2 F20 (FEI co.)
operating at 200 kV with a K-2 Summit Direct Detect camera (Gatan Inc.) with a pixel size of
1.26 A/pixel. Movies were acquired in counting mode with 36 frames and a total dose of ~45
e/A% For DHF119 and DHF38 samples, data was collected on a Titan Krios (FEI co.) operating
at 300 kV, with a Quantum GIF energy filter (Gatan Inc.) operating in zero-loss mode with a 20
eV slit width, and a K-2 Summit Direct Detect camera with a pixel size of 0.525 A/pixel. Movies
were acquired in super-resolution mode with 50 frames and a total dose of ~90 e/A2. All data
was collected with a defocus range between 1.0 and 2.5 pum, using Leginon (29, 30) or EPU (FEI

co.) software for automated data collection.

Image Processing, 3D Reconstruction, and Model Building

Movie frames were aligned and dose-weighted using MotionCor2 (3/) and CTF values were
determined using GCTF (32). Helices were picked manually using Appion (32, 33) or Relion
(23) software, and particles were extracted as overlapping segments along the length of each
helix. Reference-free 2D classification of helical segments was then performed using Relion. For
DHF119 and DHF38, selected 2D classes obtained from manual picking of a subset of images
were used as templates for automated picking in Relion. Following 2D classification of all
particles, particles from good classes were selected for subsequent 3D reconstructions. Initial 3D
reconstructions were performed by iterative helical real space reconstruction (IHRSR) (27), (34)
in SPIDER, using cylinders as starting models, and using hsearch lorentz (22) to refine helical
symmetry parameters. In cases where additional point group symmetry became apparent, this

was enforced in subsequent rounds of refinement. Gold-standard refinement in SPIDER was
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performed with increasingly smaller angular sampling, with a minimum sampling of 1.5°. For
DHF119, DHF38, DHF79, and DHF91, further 3D helical refinement was performed using
Relion, using the values determined by hsearch lorentz as initial helical symmetry parameters,
and the SPIDER volumes (low-pass filtered to 30A) as starting models. For DHF38, angles and
shifts determined by Relion were further refined by local refinement in Frealign MODE 1 (24).
For DHF58 and DHF46, volumes were amplitude corrected and low/high-pass filtered in
SPIDER. For DHF119, DHF38, DHF79, and DHF91, volumes were B-factor sharpened and
low-pass filtered using Relion post-processing. The gold-standard FSC=0.143 criterion was used
for estimating resolution. Atomic models were fit into cryoEM density as rigid bodies. For
DHF119 and DHF38, atomic models were further refined by real-space refinement in Phenix

(35) and Coot (306).

Fluorescent Microscopy in Living Cells

Plasmid pET28b-DHF58-GFP was electroporated into competent cells of E. coli strain
BL21(DE3) (Novagen/EMD Millipore cat#69450), yielding strain CJW6472. For the light
microscopy experiments, CJW6472 was grown at 37° C in LB medium (10 g/L NaCl, 5 g/L
yeast extract, 10 g/L tryptone) containing kanamycin (50 pg/mL) After overnight growth, the
bacterial culture was diluted into fresh medium and allowed to grow for 4 to 5 h until reaching an
optical density at 600 nm (OD,.) of 0.2 - 0.35. Cells were then spotted onto a 1% agarose-LB
pad containing kanamycin (50 ug/mL) and IPTG (1 mM) to maintain the plasmid and to induce
expression of the filament-GFP protein, respectively. This agarose pad was then imaged by
time-lapse microscopy. For the phage-lysis experiment, IPTG was added to an exponentially
growing culture of CJW6472 cells (0D, ~ 0.3). After 30 min of incubation, 3 puL of cells
mixed with 1 pL of a T7 phage preparation were spotted on a 1% agarose-LB pad containing
kanamycin for imaging. Cell imaging was performed on Eclipse Ti-E microscopes (Nikon,
Tokyo, Japan), equipped with a Perfect Focus System (Nikon), a phase-contrast Plan
Apochromat 100X, 1.40 numerical aperture objective (Nikon), and an ORCA-Flash4.0 V2
Digital CMOS camera (Hamamatsu Photonics, Hamamatsu City, Japan). Still images and live

streaming videos were acquired using NIS-Elements Ar software (Nikon Instruments) or
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MetaMorph software (Molecular Devices, San Jose, CA, USA) and processed using the Fiji
software (29). During imaging of live cells, the temperature was maintained at 37°C using a
custom built environmental enclosure chamber designed by Precision Plastics Inc. (Beltsville,

MD) or an objective heater (20/20 Technologies Temp Controller TC-500).

Kinetic Measurements

Filament formation kinetics were determined by turbidity due to light scattering, monitored by
absorption at 330 nm wavelength, using an Agilent Technologies (Santa Clara, CA) 8454
UV-Visible spectrophotometer. DHF119 was concentrated at 720uM in 7M guanidine
hydrochloride (GuHC]l) to prevent self-assembling. To initiate filament formation, DHF119 in
GuHCI was diluted with TBS such that the GuHCI concentration was low enough to no longer

inhibit growth, typically less than 72 uM. Measurements were started immediately after dilution.

Filament Growth In Vitro

PEG-silane coated glass coverslips were attached to similarly-coated slides with strips of
double-stick tape to make flow chambers. All incubations were at 25°C. Dry glass chambers
were coated for 2 minutes with 8 mg/ml kappa-casein (Sigma C0406) 10:1 biotinylated casein in
BRB80 (80 mM PIPES-KOH ph 6.85 + 1 mM MgCl, + | mM EGTA), washed twice with CK
buffer (BRB80 + 1 mg/ml casein + 70 mM KCIl), incubated 3 minutes with 0.5 mg/ml
neutravidin (Molecular Probes A2666) in CK, then washed three times with CK. Prepared cells
were washed once in IB (imaging buffer: 75 mM NaCl + 25 mM Tris-HCI1 pH 8.0 + 11 mM
glucose + 2.5 mM DTT + 0.2 mg/ml glucose oxidase (Sigma G2133) + 0.04 mg/ml catalase
(Sigma C40). Biotinylated anchor protein (DHF119 C6 with C-terminal GFP fusion) 36.6 nM
in IB was incubated in chamber for 3 minutes, chamber washed twice with IB, and replaced with
1.16 uM DHF119-YFP in IB for observation of assembly. Imaging was carried out using a
Personal Deltavision microscope (GE Healthcare) outfitted with 4-laser TIRF capabilities,
Olympus 60x%, 1.49 NA TIRF objective and Ultimate focus (Applied Precision) at room
temperature.

For analysis of growth kinetics of DHF119-GFP fiber: Images were processed for subsequent

analysis in CellProfiler. The background of the .tif movies was subtracted using the software Fiji
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(29) with a ball radius of 5.0. The contrast was modified to reduce background noise to facilitate
fiber identification. CellProfiler software (37) was used to identify and track fiber through the
different time frames. The output files from CellProfiler provided the Major axis length for every

fiber through all the movie.

In Situ Atomic Force Microscopy Imaging

Freshly cleaved mica (15 mm; Ted Pella) was incubated with 50 uL 0.01% wt poly-lysine
solution (Ted Pella) for 2 min and then washed with water and dried with flowing N,. The mica
substrate was placed into the AFM liquid cell and protein solution was then injected into the cell.
In situ images were captured using Silicon Nitride probes (MSCT, k: 0.1 N/m, tip radius: 10 nm;
Bruker) under ScanAsyst mode with Nanoscope VIII (Bruker) at room temperature (imaging
buffer: 21 mM Tris-HCI, 400 mM KClI, pH 8). Images were analyzed using Nanoscope Analysis
v1.5 (Bruker) and Gwyddion SPM data analysis software.
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Supplementary Figures

Fig. S1.

Computational Sampling of helical filaments containing a given protein dimer. Left, dimeric complex
sampled during the slide into contact stage of the protocol. Middle, helical filament produced by
repeatedly applying the fourth root or the transform defined in A (n=4 - the two subunits that define the
helical symmetry are not in contact). Right, helical filament produced by repeatedly applying the
transform defined in the first panel (n=1 - the two subunits that define the helical symmetry are in
contact).
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Comparison of designs generated from de novo Designed Helical Repeat proteins (DHRs) and natural
asymmetric proteins. (A) Scatter plot of Rosetta binding energy for main and secondary interfaces for
designs generated from DHRs, natural asymmetric proteins (PDB ID: 1stn, 2bk9 and 5ghl) and
structurally verified de novo Designed Helical Filaments (DHFs). (B) Top and (C) side views for an
example fiber design model generated from Staphylococcal nuclease (PDB ID: 1stn) colored by chains.
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Fig. S3.

Negative stain EM of insoluble filaments. (A) DHF4 (B) DHF5 (C) DHF8 (D) DHF16 (E) DHF17 (F)
DHF23 (G) DHF25 (H) DHF28 (I) DHF31 (J) DHF34 (K) DHF36 (L) DHF40 (M) DHF43 (N) DHF44
(O) DHF46 (P) DHF47 (Q) DHF49 (R) DHF50 (S) DHF77
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Fig. S4.

Negative stain EM of soluble filaments. (A) DHF9 (B) DHF20 (C) DHF38 (D) DHF48 (E) DHF51 (F)
DHF52 (G) DHF58 (H) DHF62 (I) DHF76 (J) DHF78 (K) DHF79 (L) DHF82 (M) DHF91 (N) DHF107
(O) DHF119
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Fig. SS.
Protease induced filament assembly using SUMO fusion constructs. (A) Design DHF38 before treatment
with SUMO protease. (B) Design DHF38 after treatment with SUMO protease.
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Fig. Sé.

Overlay for each individual interface and both interfaces to highlight the differences/similarities between
the models(red) and experimental structures(cyan). (A) DHF58 (B) DHF119 (C) DHF91 (D) DHF46 (E)
DHF79 (F) DHF38
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Fig. S7.

Helical lattice plots comparing designed helical symmetry (open diamonds) to experimentally

determined helical symmetry (closed circles) for (A) DHF58 (B) DHF119 (C) DHF91 (D) DHF46
(E) DHF79 and (F) DHF38.
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Filament assembly kinetics for DHF119. (A) Kinetic measurements of filament assembly by solution
scattering. (B) Extrapolation of Critical concentration for assembly using the asymptotic values for the fits

in (A).

32



34.5uM Stock 1M GuHCI 2M GuHCI

Fig. S9.

Concentration dependent assembly for DHF119. Top, Negative stain EM micrograph of DHF119 at 34.5
UM concentration in 25mM Tris and 75 mM NaCl (left), IM GuHCI (middle), 2M GuHCI (right).
Bottom, Negative stain EM micrograph of DHF119 at 6.9 uM (left), 3.5 uM (middle), 0.7 uM (left)
concentration in 25mM Tris and 75 mM NaCl.
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Fig. S10.

Design of Anchoring Proteins. A library of designed oligomers with cyclic symmetry around the Z axis is
aligned with a layer of fiber components taken from the cryoEM structure, with the helical axis also
aligned along Z. Translations and rotations around Z are applied to find the closest distance between the
oligomer termini and the fiber components. These are then linked using a flexible linker and substituting
the fiber component for the appropriate capping accessory protein.
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Fig. S11.

Analysis of growth kinetics of DHF119 GFP fiber at 18uM concentration from biotinylated anchor
proteins DHF119_C6 immobilized on streptavidin-coated slides monitored by TIRF microscopy over 30
minutes. (A) Tracked length over time for 3 individual fibers. (B) Histogram of linear-fit growth rate for
1000 tracked fibers (8.4 nm/minute on average, with standard deviation of 7.2).
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Fig. S12.

(A) In situ AFM images showing the dissolution of fiber (3.8 uM) from one end in the presence of N-caps
(3.8 uM). (B) In situ AFM images showing the dissolution of fiber (3.8 pM) from one end in the presence
of C-caps (3.8 uM). (C) In situ AFM images showing the dissolution of fiber (3.8 uM) from both ends in
the presence of N-caps (1.9 pM) and C-caps (1.9 uM). (D) In situ AFM images showing the growth
process of fibers with 7.2 uM DHF119. (E) Measurements of growth rates of DHF119 fiber at different
concentrations shows that the growth rate changes linearly with protein concentration.
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202220

Simple model for disassembly. (A) At the (+) end both monomers and caps bind to the DHF
while at the (-) end only monomers can be incorporated (B) Caps complex with monomers in
solution effectively reducing the free monomer concentration that can bind to the (-) end.
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Supplementary Tables

Table S1. Computational and experimental parameters for all designs tested.

Design
DHF1

DHEF2
DHEF3
DHF4
DHF5
DHF6
DHF7
DHEF8
DHF9
DHF10
DHF11
DHF12
DHF13
DHF14
DHF15
DHF16
DHF17
DHF18
DHF19
DHF20
DHF21
DHF22
DHF23
DHF24
DHEF25
DHF26

Cn
1

1

Rise(A)
7.5
7.8
9.4
7.7
9.0
11.7
6.7
14.6
12.1
9.3
4.2
7.8
11.8
11.5
8.9
8.7
4.1
10.2
7.9
4.8

21.8
14.6
6.5
3.4
294
7.9

SC_1' SC 2% (RE.U.)' (RE.U.)

0.9
0.7
0.9
0.8
0.7
0.8
0.8
0.7
0.8
0.8
0.6
0.8
0.7
0.7
0.7
0.8
0.7
0.8
0.7
0.7
0.7
0.7
0.8
0.9
0.7

Computation
Rotation Radius

) A
-82.7 23.5
130.6 27.0
131.1 28.6

-86 28.2
131.9 27.0
-151.4 243
82.9 31.5
94.1 19.8
-152 245
132.9 278
315 741
130.2 26.6
-150.3 24.4

84 26.3
522 40.4
-109.1 78.8
102.3 473
7194 351
130.6 26.9
-139.9 441
-1029 226

-71 30.2

83 33.1
48.8 63.4
239 372
130.1 26.7

0.9

0.7
0.7
0.7
0.8
0.7
0.7
0.7
0.6
0.8
0.7
0.6
0.7
0.7
0.7
0.7
0.6
0.6
0.7
0.7
0.7
0.6
0.7
0.8
0.7
0.7
0.7

dG 1 dG2
192 -10.0
236 -19.3
195 -105
256 -20.9
250 225
157 273

189 -89

227 .16

-8.7 -7.8

187 -129
323 -305
177 -149
168 94

214 -147
248 99

6.3 5.6

298 2211
109 -1.0

241 -163
205 -13.9
179 4126
186 -152
141 -128
177 -106
192 -147
228 150

Experiment

vector
pET28b

pET28b
pET28b
pCDB24
pCDB24
pCDB24
pCDB24
pET28b
pET28b
pET28b
pCDB24
pCDB24
pCDB24
pCDB24
pET28b
pET28b
pET28b
pCDB24
pCDB24
pCDB24
pCDB24
pET28b
pET28b
pCDB24
pCDB24
pCDB24

fiber" solubility”

0
0
0
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2
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DHF27
DHEF28
DHF29
DHF30
DHF31
DHF32
DHF33
DHF34
DHEF35
DHF36
DHF37
DHF38
DHF39
DHF40
DHF41
DHF42
DHF43
DHF44
DHF45
DHF46
DHF47
DHF48
DHF49
DHF50
DHF51
DHF52
DHF53
DHF54
DHFS55
DHF56
DHF57
DHF58
DHF59
DHF60

11.5
10.4
15.1
8.0
14.2
22.7
19.9
8.4
10.3
59
14.8
8.7
19.9
54
10.4
7.1
28.3
14.5
8.4
5.0
10.3
10.1
29.8
14.5
10.0
52
7.6
14.4
14.8
224
28.5
36.7
7.1
14.0

-43.2
-108.6
-76.3
131.9
99
25.7
28.6
-110.3
-108.9
-147.2
-77.5
-87.9
43.8
139.9
-107.9
-135.6
81.5
97.4
-136
-137.3
-109.1
135.2
-99.2
94.9
135
148.7
-109.1
94.6
-71
-108.8
83
3.1
-134.8
98.7

46.8
25.5
333
27.0
19.8
383
30.7
27.2
25.2
33.7
31.1
30.0
533
37.6
259
29.6
18.0
19.7
26.6
36.5
254
26.9
18.7
19.8
26.7
31.1
28.7
19.9
30.4
22.4
16.2
33.6
30.0
22.8

0.7
0.7
0.8
0.8
0.7
0.8
0.7
0.8
0.7
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0.7
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0.7
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0.8
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0.8
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0.8
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0.7

0.7
0.6
0.7
0.8
0.5
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0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.8
0.7
0.5
0.7
0.7
0.8
0.7
0.5
0.6
0.7
0.7
0.7
0.7
0.7
0.6
0.7
0.7
0.8
0.7

-21.6
-16.3
-2.7

-27.1
-13.9
-12.1
-43.5
-22.4
-19.2
-15.5
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-15.7
-18.2
-29.5
-11.9
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-10.0
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-23.2
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-18.3
7.8
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-11.9
2.7
-8.0
8.7
-19.7
-16.9
6.3
-17.7
9.7
112
6.6
9.1
0.2
-1.3
4.6
6.7
-13.3
122
-8.3
283
42
3.9
3.7
-14.5
2.4
117
-16.9
-16.6

112
43
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DHF61
DHF62
DHF63
DHF64
DHF65
DHF66
DHF67
DHF68
DHF69
DHEF70
DHF71
DHF72
DHF73
DHF74
DHEF75
DHF76
DHF77
DHEF78
DHF79
DHF80
DHF81
DHF82
DHEF83
DHF84
DHEF85
DHF86
DHFg87
DHF88
DHF89
DHF90
DHF91
DHF92
DHF93
DHF9%

W NN

W W W W W W N NN NN

133
28.0
9.4
27.8
5.4
13.4
14.4
13.2
8.9
6.8
48
9.2
7.8
17.2
16.3
53
7.4
12.6
7.7
4.1
6.5
45
9.7
59
12.2
13.2
14.2
7.0
9.4
29.0
24.2
22.4
22.9
21.7

-67.3
-100.8
51.3
-95.1
-151.4
-134.1
-148.7
1517
-107.3
-85.2
57.2
88.6
-85.8
60.8
355
-151.9
135.2
-147.5
41.8
79.1
-86.7
-84
50.1
68
65.7
70.8
-109.6
315
35.6
-85.9
48.8
-84.6
-84.4
40.8

333
23.2
384
27.4
35.6
20.3
19.8
23.2
28.8
32.8
36.8
27.1
28.0
26.8
49.9
35.5
27.7
24.6
58.1
60.7
30.4
46.9
38.5
34.1
33.6
30.1
34.6
65.1
65.5
243
24.4
32.0
32.0
31.8

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.7
0.8
0.7
0.7
0.8
0.8
0.8
0.7
0.8
0.8
0.8
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0.8
0.8
0.7
0.7
0.8
0.7
0.7
0.7
0.8
0.8
0.7

0.7
0.7
0.7
0.7
0.7
0.7
0.6
0.7
0.7
0.7
0.6
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.8
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.8
0.7

-15.7
-16.0
-17.9
-11.2
-20.1
-14.6
-20.0
-19.0
-8.5

-14.6
-27.0
-19.8
-24.6
-15.5
-18.0
-19.6
-13.2
-24.5
-16.2
-15.0
-14.0
-21.2
-22.4
-19.4
-20.5
-11.8
-20.4
-14.9
-24.9
-13.1
-27.2
-11.6
-14.7
-16.8

-13.4
4.9
-17.8
9.4
-19.1
22
-6.1
-8.6
-8.0
-13.7
-17.8
111
-12.8
0.7
-15.2
6.1
8.7
-17.8
-12.4
9.7
-7.0
0.2
-8.9
-10.2
-14.9
113
-8.6
-13.0
-12.7
-12.8
21.8
7.9
-10.5
-14.1
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DHF95

DHF96

DHF97

DHF98

DHF99

DHF100
DHF101
DHF102
DHF103
DHF104
DHF105
DHF106
DHF107
DHF108
DHF109
DHF110
DHF111
DHF112
DHF113
DHF114
DHF115
DHF116
DHF117
DHF118
DHF119
DHF120
DHF121
DHF122
DHF123
DHF124

Shape complementarity of main interface
$Shape complementarity of secondary interface

~ b~ B~ b

2
1

19.1
37.1
36.5
36.7
5.6
4.1
5.7
4.1
3.9
8.3
8.4
8.4
11.0
12.0
11.8
133
5.1
6.4
12.6
12.4
8.8
14.8
8.1
5.3
4.5
8.6
9.2
4.6
9.6
12.3

54.3
4.8
85.8
4.1
-149.4
-156.8
-149.3
-156.8
-157.1
1315
132.7
131.9
40.9
-149.2
-150
-152.6
-138.5
-145.3
-148.3
-146.5
-150.3
-152.9
42
107.3
-106.4
-110.6
-107
-81.3
50.1
-147.1

37.4
26.8
27.0
27.1
33.4
40.9
335
415
472
275
275
29.4
69.1
24.9
24.8
23.0
36.5
30.4
245
24.8
29.9
19.0
42.6
48.4
46.4
275
28.9
43.4
38.7
24.7

fComputed Binding energy of main interface

*Computed Binding energy of secondary interface
*0: no filaments observed by negative stain EM 1: filaments observed by EM

0.7
0.8
0.7
0.7
0.7
0.8
0.8
0.8
0.8
0.8
0.7
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.7
0.7
0.8
0.7
0.7
0.9
0.8
0.8
0.8

0.7
0.8
0.7
0.7
0.7
0.6
0.7
0.7
0.7
0.6
0.7
0.7
0.7
0.6
0.8
0.7
0.7
0.7
0.8
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.8
0.7

#0: no expression, 1:insoluble expression 2: soluble expression

-15.8
-22.7
-22.1
-22.8
-20.3
-17.1
-9.2

-17.6
-23.1
-18.9
-15.3
-16.9
-20.7
-25.8
-24.6
-14.0
-15.9
-17.3
-23.3
-25.8
-12.6
-31.7
-16.5
-15.3
-11.9
-19.6
-15.6
-29.7
-17.9
-30.4

-14.4
-10.8
21.1
-16.7
-13.6
-10.8
4.4
-16.5
-12.0
9.7
-1.6
-12.9
-17.7
-20.7
215
115
0.9
9.3
-15.7
0.6
6.6
-8.3
-7.8
9.9
9.0
-16.3
2.4
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-13.7
-16.3
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Table S2. CryoEM data collection and refinement

DHF119 DHF38 DHF58 DHF46 DHF79 DHF91
(EMD-9021, (EMD-9020, (EMD-9017, (EMD-9016, (EMD-9018, (EMD-9019,
PDB 6E97) PDB 6E9Y) PDB 6E9T) PDB 6E9R) PDB 6E9V) PDB 6E9X)

Data collection

Microscope Titan Krios Titan Krios TF20 TF20 TF20 TF20
Voltage 300 kV 300 kV 200 kV 200 kV 200 kV 200 kV
Electron detector K2 Summit K2 Summit K2 Summit K2 Summit K2 Summit K2 Summit
Electron dose 90 90 45 45 45 45
(e/A?%

Pixel size (A) 1.05 1.05 1.26 1.26 1.26 1.26
Reconstruction

Point group C3 Cl C2 C4 Cl C3
symmetry

Refined helical 43.5023 -88.17 40.93287 -51.23024 77.6764 50.1109
symmetry (twist)

(deg)

Refined helical 14.3312 8.29531 9.10835 21.632 5.07952 24.1338
symmetry (rise)

(A)

Particles 63,067 112,593 76,994 36,692 32,583 15,670
Resolution (0.143 34 4.3 54 5.9 6.9 7.8
fsc)(A)

Reconstruction Relion Relion, SPIDER SPIDER Relion Relion
software Frealign
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Chapter 2: De novo design of multi-component
self-assembling helical filaments

Abstract

We extend the computational approach previously developed for designing self-assembling helical
filaments from monomeric to heterodimeric proteins and use it to design two-component proteins that
assemble into micron scale helical filaments with a wide range of geometries. CryoEM structures of three
designs are close to the computational design models. The assembly of the filaments can be initiated by
mixing its two components and tuned by varying length of complimentary blocking units. The ability to
generate multicomponent filaments opens up possibilities for the fabrication of controllable protein
nanomaterials tailored to specific applications.
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Introduction

Self-assembling protein filaments serve functions ranging from cellular transportation, cell division and
change of shape. To achieve higher order of control of assembling and functionality, nature has evolved
multicomponent microtubule consist of a- and B-tubulin dimers (6). Such controllable properties are of
great nanomaterial application interest.

Although there has been progress in designing two component peptide-based filaments (38), the
irreversible assembling process limits its applications. On the other hand, recent advances in
computational protein design have generated reversible single components self-assembling protein
filaments (39) and heterodimeric proteins that bind to each other specifically (40), which provide the basis
for designing multicomponent high order assembly.

Here we apply the computational method to design self-assembling helical filament from monomeric

protein to hetero-dimeric protein to generate multi-component reversible filament that allows precise
control of the timing of assembly and enhanced modularity through independently addressable subunits.
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Results

We use the design model for heterodimeric proteins (DHD131, DHD37 1:234, DHD127 and DHD15)
(40)) as starting scaffold and applied computation method described in Shen et al (39) to design interface
for self-assembling protein filaments.

We generate 195,000 helical filament backbones and selected 55 designs for experimental testing [we
refer to these as de novo—designed 2-component helical filaments (D2HFs)].

The 2-component designs were co-expressed in Escherichia coli under the control of a T7 promoter and
purified by immobilized metal affinity chromatography (IMAC, only one of the components contains
hexahistidine tag). The non-histagged component for 45 of the 55 selected designs was fused to green
fluorescent protein (GFP) to facilitate screening and kinetic measurement (Supplementary Table 1).

Of the 55 selected designs, 43 were well-expressed and co-recovered in the IMAC eluate. IMAC eluates
were concentrated, and filament formation was monitored by negative stain electron microscopy (EM). A
total of six designs were found to form 1D nanostructures over 200 nm (Fig. 1).

We chose three designs with a range of model architectures and highly ordered negative stain EM
morphologies for higher resolution structure determination by cryo-electron microscopy (cryoEM). We
determined the filament structures and refined helical symmetry parameters using iterative helical real
space reconstruction in SPIDER (21, 22), followed by further 3D refinement in Relion (23) and Frealign
(24). The structures were solved to 3.5 A resolution. In all three cases, the overall orientation and packing
of the monomers in the filament were similar in the experimentally determined structures and design
models, but there was considerable variation in the accuracy with which the details of the interacting
interfaces were modeled (Fig. 2). Two of the three designed filaments matched the computational models
at near-atomic resolution: for D2HF20 and D2HF30 the experimentally observed rigid body orientation
was nearly identical to the design models (1.4 A and 2.0 A r.m.s.d. over three chains containing all unique
interfaces, the backbone and side chain conformations at the subunit interfaces are very similar to those in
the design model), for D2HF3 the r.m.s.d. over three chains was 6 A. For D2HF3, the r.m.s.d over one
designed interface was 1 A while the other 5.5 A. Higher resolution cryoEM map shows that the main
interface deviation was due to the backbone deviation where the design model and crystal structure of the
scaffold DHD131 disagree (Fig. S1). As our computational method assumes rigid backbone, deviation at
backbone level would cause deviation at the interface level.

We expressed and purified D2HF30’s A and B components separately, and then mix them to initiate fiber
assembly. Confirmed by negative stain EM, neither component A or B formed filaments, and filaments
started to form after mixing (Fig. 3).

To study the kinetics of D2HF30 filament formation in vitro in more detail, we attached some component
B to glass slides, mix GFP labeled component A with unlabeled component B and monitored fiber
formation by total internal reflection (TIRF) microscopy. At 1uM low concentration, fiber growth into
one micron in length was observed over an hour (Fig. 3, Movie S1).
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We sought to control the assembly process by expressing each component with its corresponding
complementary wild-type pair without fiber interface (here referred to as caps). The caps could be
truncated to different length to facilitate assembly for the correct fiber pair at different rates (Fig. 5 A and
B). When capped component A and B were mixed, fiber formation was found to be
temperature-dependent (Fig. 5C), as forming the correct pairs requires energy input to remove the cap.

Discussion

The ability to form accurate micron scale multicomponent filaments is an advance for computational
protein design. Fiber assembly initiated by mixing different components as wells as temperature capped
fiber allows more precise control of the assembly. The different fiber components ready for fusion to
different targets. This highly controlled multicomponent protein assembly opens up application ranging
from diagnostic to making smart nanomaterials.
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Main Text Figures

200 nm

200 nm

Fig. 1. Cryo Electron Micrograph of 2-component filaments. (A) D2HF3 (B) D2HF16 (C) D2HF18 (D)
D2HF20 (E) D2HF30 (F) D2HF41
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200 nm

200 nm

200 nm

Fig. 2. CryoEM structure determination. Computational model (first panel), representative filaments in
cryoEM micrographs (second panel), cryoEM structure (third panel) and overlay between model and
structure (fourth panel) for (A) D2HF30 - r.m.s.d. 1.4 A (B) D2HF20 - rm.s.d. 2.0 A (C) D2HF3 -
rm.s.d. 6.0 A
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Fig. 3. Fiber formation by mixing components. Design D2HF30’s component (A) and (B) were mix at
95uM for 10 minutes (C), 5 hours (D) and 1 day (E), characterized by negative stain electron micrograph.
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Fig. 4. Kinetics of filament assembly. D2HF30’s A and B component were mixed for (A) 0, (B) 30
minutes and (C) 1 hour, monitored by TIRF.
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Fiber AOBO

Short ab

-~

Fig. 5. Fiber formation by mixing components coexpressed with caps. (A) Schematic representation for
the scaffold DHD (WT) compared with fiber design. (B) Schematic representation for mixing capped
components. (C) Design D2HF30’s component A and B with caps were mixed at 230uM for 20 minutes
at room temperature, 37 °C, 42 °C, 50 °C and 65 °C, characterized by negative stain electron micrograph.
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Materials and Methods

Protein Expression and Purification

For the expression of heterodimers, both monomers were encoded in the same plasmid, separated by a
ribosome binding sequence (GAAGGAGATATCATC). Synthetic genes were ordered from Integrated
DNA Technologies, Inc.(Coralville, IA., USA) and delivered in pET29b+ E. coli expression vector,
inserted between the Ndel and Xhol sites. These plasmids were cloned into BL21* (DE3) (Invitrogen) E.
coli competent cells. Transformants were inoculated into 50 ml of TB medium with 200 mg L-1
kanamycin. Expression proceeded for 24 hours at 37 °C following the expression via Studier
autoinduction (27) until the cultures were harvested by centrifugation. Cell pellets were resuspended in
TBS and lysed using the Bugbuster detergent (Millipore). The soluble fraction upon lysate clarification
by centrifugation was purified by Ni2+ immobilized metal affinity chromatography with Ni-NTA
Superflow resin (Qiagen). Resin with bound cell lysate was washed with 10 column volumes of 40 mM
imidazole and 500 mM NaCl and eluted with 400 mM imidazole and 75 mM NaCl. Both the soluble and
insoluble fractions were run on an SDS-PAGE gel. Samples that showed protein bands at the correct
molecular weight were selected for screening by electron microscopy. Selected designs were expressed at
the 0.5 L scale to carry out further characterization. Expression proceeded for 24 hours at 37 °C
following the expression via Studier autoinduction (27) until the cultures were harvested by
centrifugation. Cell pellets were resuspended in TBS and lysed by microfluidization. Purification was

carried out as described above.

Accessory Protein Design

Capping units for D2ZHF30’s component A and B were designed by truncating a heptad from the N and C
terminus of the wild-type B and A component for scaffold DHD131 (40).
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Filament Growth In Vitro

PEG-silane coated glass coverslips were attached to similarly-coated slides with strips of double-stick
tape to make flow chambers. All incubations were at 25°C. Dry glass chambers were coated for 2
minutes with 8 mg/ml kappa-casein (Sigma C0406) 10:1 biotinylated casein in BRB80 (80 mM
PIPES-KOH ph 6.85 + 1 mM MgCl, + 1 mM EGTA), washed twice with CK buffer (BRB80 + 1 mg/ml
casein + 70 mM KCI), incubated 3 minutes with 0.5 mg/ml neutravidin (Molecular Probes A2666) in CK,
then washed three times with CK. Prepared cells were washed once in IB (imaging buffer: 75 mM NaCl
+ 25 mM Tris-HCI pH 8.0 + 11 mM glucose + 2.5 mM DTT + 0.2 mg/ml glucose oxidase (Sigma G2133)
+ 0.04 mg/ml catalase (Sigma C40). Biotinylated D2HF component B protein 75 nM in IB was incubated
in chamber for 3 minutes, chamber washed twice with IB, replaced with 32uM Preform D2HF fiber to
help focus, chamber washed twice with IB again, and replaced with 1uM mixture of 80°C-preheated GFP
labeled component A with unlabeled component B in IB for observation of assembly. Imaging was
carried out using a Personal Deltavision microscope (GE Healthcare) outfitted with 4-laser TIRF

capabilities, Olympus 60x, 1.49 NA TIRF objective and Ultimate focus (Applied Precision) at 37 °C.
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Supplementary Figures

Fig. S1.

Comparison of the deviated interface for D2HF3. Aligned on one subunit are the D2HF3 design model
(grey), cryoEM structure (orange) and crystal structure for its scaffold DHD131 (purple) (PDB
id:6DKM)
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Chapter 3: De novo design of pH-responsive self-assembling
helical filaments

Abstract

We apply computational approach previously developed for designing self-assembling helical filaments to
design pH-responsive proteins that assemble into micron scale helical filaments. CryoEM structures of
two designs are close to the computational design models. The filaments can reversibly assemble at
neutral pH and disassemble at acidic pH. The ability to generate pH-responsive filaments opens up
possibilities for functional protein nanomaterials.
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Introduction

PH is a very effective way to control protein assembly. For example, spider silk protein adopts a
pH-sensitive relay to control the generation of solid silk (47). Designed protein-based pH-responsive
polymers are a promising class of new polymer materials with potential applications in fields such as
tissue engineering, drug- and gene delivery or self-healing biomaterials. There has been progress in
making pH-responsive assembling nanomaterial by mimicking silk protein domain (42). However, the de
novo design of pH-responsive filament with broader geometries and higher control is an unmet challenge.
Recent advances in computational protein design have generated reversible single components
self-assembling protein filaments (39) and pH-responsive proteins with designed histidine network buried
at protein core (43), which provides the basis for designing pH-responsive high order assembly.

Here we apply the computational method to design self-assembling helical filament from monomeric

protein to pH-responsive protein to generate reversible pH-responsive self-assembling protein filament
that allows effective control of the assembly.
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Results

We use the crystal structure for pH-responsive trimeric helical bundle pRO-2.3 (PDB ID: 6MSQ) as
starting scaffold and applied computation method described in Shen et al (39) to design interface for
self-assembling protein filaments. We generate 45,000 helical filament backbones and selected 18 designs
for experimental testing [we refer to these as de novo—designed pH-responsive helical filaments
(DpHFs)].

A linked single chain version of the homo-trimeric helical bundle was used for testing to display fiber
interfaces at the designed orientation. The designs were expressed in Escherichia coli under the control of
a T7 promoter and purified by immobilized metal affinity chromatography (IMAC).

All 18 selected designs were well-expressed and recovered in the IMAC eluate. IMAC eluates were
concentrated, and filament formation was monitored by negative stain electron microscopy (EM) with
Nano-W stain (pH 6.8). A total of two designs (DpHF7 and DpHF18) were found to form 1D
nanostructures (Fig. 1).

We characterized the pH responsiveness of DpHF7 and DpHF 18 with two methods.

For DpHF7, while filaments formation was observed when stained with neutral pH stain Nano-W (Fig.
2A), no filaments could be observed when stained with Uranyl Formate (pH 4.0) (Fig. 2B) and
subsequence water and buffer washed follow by staining with Nano-W recover the filament formation
(Fig. 2C). As the staining and wash process happened in a minute, DpHF7 shows fast and reversible pH
response.

For DpHF18, after concentrated in TBS buffer at pH 8§, filaments formation was observed when stained
with neutral pH stain Nano-W (Fig. 2D). When DpHF18 was concentrated in NaCitrate buffer at pH 4, no
fiber could be observed with negative stain EM (Fig. 2E). When the same solution was diluted 1:10 into
TBS buffer at pH 8 for a minute and then stained with Nano-W, filaments were recovered (Fig. 2F).
Compared with DpHF7, DpHF18 was slower at filament disassembly at low pH but recover fast at high
pH.

Discussion

The ability to form micron scale reversibly pH-responsive filaments is an advance for computational
protein design. Designed filaments can reversibly assemble at neutral pH and disassemble at acidic pH at
different rates. The different pH-responsive properties of the different design filaments suit unique
applications. The effective control over filaments assembly and disassembly opens up possibilities
ranging from drug delivery to building responsive nanomaterials.
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Main Text Figures

A

Fig. 1. Design model and cryoEM of filaments. Computational model (first panel) and representative
filaments in cryoEM micrographs (second panel) for (A) DpHF7 (B) DpHF18
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Fig. 2. Filaments’ reversible response to pH change characterized by stained EM.

(A) Design DpHF7 stained with Nano-W (pH 6.8) (B) DpHF7 stained with Uranyl Formate stain (pH
4.0), washed with water, TBS buffer (pH 8) and then (C) stained with Nano-W

(D) Design DpHF18 stained with Nano-W (E) DpHF 18 concentrated in NaCitrate (pH 4), then diluted
1:10 into TBS buffer (pH 8) for 1 minute and then (F) stained with Nano-W
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Materials and Methods

Negative Stain Electron Microscopy

Soluble fractions were concentrated in buffer (25mM Tris, 75 mM NaCl, pH 8) for EM screening. A drop
of 6uL (1ul sample instantly diluted with Syl of buffer) was applied on negatively glow discharged,
carbon-coated 200-mesh copper grids (Ted Pella, Inc.), washed with Milli-Q Water and stained either
using 0.75% uranyl formate (pH 4.0) or Nano-W (pH 6.8) purchased from Nanoprobes, Inc (Yaphank,
NY., USA) as described previously (28). The screening was performed on a 100kV Morgagni M268
transmission electron microscope (FEI, Hillsboro, OR). Images were recorded on a bottom mount Teitz

CMOS 4k camera system. The contrast of the images was enhanced in the Fiji software (29) for clarity.
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