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Computationally designed protein nanoparticles leverage de novo designed protein subunits to build large
oligomers which can be used for multivalent antigen display and cargo loading in the delivery of vaccines.
Advancements in computational methods and design of membrane proteins increases the breadth of
materials which can be used as subunit building blocks in these large oligomeric complexes. In this
dissertation | describe engineering a protein scaffold with a hydrophobic pore and the rational design of a
novel two-component nanoparticle utilizing a de novo designed transmembrane protein. Using machine
learning and Al-guided approaches with two-component RPX Docking, AlphaFold 2 and RosettaFold
Diffusion, | structurally characterized a novel two component transmembrane nanoparticle and to 4.16 A
by Cryo-EM. This technology marks the first generation of novel hydrophobic nanoparticles that is a step
towards generating in vitro hybrid lipid-protein nanomaterials for the display of unique membrane proteins

and lipid-conjugated moieties previously inaccessible through current designed nanoparticles.
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Chapter 1: Introduction

Naturally occurring protein scaffolds are structures with inherent self-assembling properties in which protein
subunits interact with each other through weak, non-covalent interactions to form larger complexes. One
example of a naturally occurring protein is ferritin, a ubiquitous iron storage protein found in bacteria and
eukaryotes that self-assembles into a 24-subunit octahedral nanoparticle®?. In highly acidic or basic
environments ferritin nanoparticles disassemble and can be reassembled when the solution becomes more
neutral, making it an ideal candidate to trap small molecules within its cavity!. Scientists have used this
property to load ferritin particles with doxorubicin, an anticancer antibiotic, and target the drug to specific
tissues by modifying key surface residues?!. As well as carrying cargo on its interior, ferritin has also been
modified to display antigenic proteins on its surface®3. Through the genetic fusion of the flu antigen
hemagglutinin (HA) to ferritin monomers, HA-ferritin nanoparticles enhanced the potency of neutralizing
antibody responses in ferrets?. Although these examples show that natural nanoparticles are designable,
targetable, and immunogenic, particle heterogeneity, improper folding of fused antigens, and antigen

interference with nanoparticle self-assembly still need to be overcome®.

Computational protein design is a field that has been inspired by naturally occurring self-assembling protein
complexes and overcomes some challenges of using natural scaffolds2>~’. In addition to similar benefits of
natural scaffolds such as multivalent display and cargo loading, designed nanoparticles boast more control
and modularity over the protein scaffolds that comprise the nanoparticle®-1°. A commonly employed strategy
for generating computationally designed nanoparticle assemblies involves the initial creation of smaller
protein building blocks which self-assemble into higher-order structures®1°-4, These subunits form
nanoparticles with precisely defined architectures and functional properties and are highly tunable*-7. As
in naturally occurring protein complexes, designed nanopatrticles take advantage of shape complementarity
and weak, non-covalent interactions to self-assemble into larger oligomers®”11, By precisely designing the
amino acid sequence of de novo proteins, it is possible to control the self-assembly process at the interface
between the two subunits!*!6. De novo nanoparticles face challenges in preclinical and early clinical
development compared with nucleic acid and vector-based vaccine platforms, however, multiple intrinsic

advantages of designed nanoparticle vaccines motivate their prioritization. For example, designed
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nanoparticles have been used for a number of biomedical applications such as multivalent antigen
presentation for vaccine design leading to potent antibody responses®'41>18-21 The rational design of
antigen presenting nanoparticles comes with the possibility of delivering de novo proteins as drugs and

vaccines, however challenges in targeting and delivery of protein nanoparticles still remaint”-21,

Lipid-based nanoparticles (LNPs) are a class of designed nanopatrticles that are highly adaptable and can
be targeted to carry cargoes to different cellular compartments??-25, LNPs can be designed through the
modification of lipid headgroups, lipid tails, or the addition of synthetic groups like polyethylene glycol (PEG)
to stabilize, target, and functionalize LNPs for specific tasks?>?%. LNPs offer several benefits, such as
boosting a drug'’s solubility, increasing biodistribution and safeguarding drugs from in vivo degradation??>-%",
This technology has increased in popularity due to the rapid development and immunological success of
mMRNA vaccines against SARS-CoV-2 variants delivered by LNPs?228-30_ | NPs have also been used to
deliver small proteins for therapeutic applications, suggesting that the LNP platform can carry a variety of
cargoes with properties different from nucleic acids®. In one example, the small Designed Ankyrin Repeat
Protein (DARPINn), K27, was modified and encapsulated within LNPs where the K27-LNP was effective at
reducing tumor load in mouse models3’. The rapid development and biochemical properties make LNPs
appealing for drug delivery applications, however the in vivo efficacy of liposomes carrying drugs can be
highly impacted by size, surface charge, lipid composition, lamellarity, and stability?>*2. The combination of
LNP technology with the tuneability and modularity of protein-based nanoparticle design would be highly

desirable.

In this dissertation | describe generating new unique scaffolds which take advantage of hydrophobic
interactions between proteins and lipids. Here | characterize the design of two protein nanomaterials with
functional groups building towards hybrid nanomaterials. These designed nanomaterials are the first

generation of hybrid lipid-protein nanoparticles derived from de novo protein design.
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Chapter 2: Toroid protein membrane mimetics for the display of membrane proteins

Background

Membrane mimetics have been used to characterize lipid-protein and protein-ligand interactions of
membrane proteins®*-3¢, The use of membrane mimetics in structural studies has provided insights to the
effects of the membrane environment on protein structure3”3. HDL nanodiscs are composed of modified
apolipoprotein which are aliphatic naturally occurring proteins that transport cholesterol and have been
engineered as HDL nanodiscs to contain discoidal patches of lipid membrane®**°. Nanodiscs have been
used to solubilize membrane-anchored antigens and peptides and deliver them as therapeutics in mouse
models*®*2. Mice vaccinated with HDL nanodiscs formulated with epitope protein generated antigen-
specific cytotoxic T-lymphocyte responses, compared with the soluble epitope*'. The measured responses
of HDL nanodiscs revealed that epitope vaccination generated broad-spectrum T-cell responses when
combined with immune checkpoint inhibitors*®4!, However, due to the limited size of the lipid patch,
membrane protein activity can alter in different types of membrane mimetics under the same lipid
environment*3. There is significant motivation to design a membrane mimetic that is highly defined and can
be tuned to different sizes. Unlike HDL nanodiscs, toroids are highly designable and their circular structure
has made them ideal scaffolds to build larger oligomeric assemblies**—6. Here we modeled toroid discs
after HDL nanodiscs to contain discoidal patches of membranes. Compared with the flexibility and
heterogeneity of HDL nanodiscs, toroids are more rigid in structure and provide a stable foundation for

protein design®’.
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Results

Expression of helical designed toroids modified with hydrophobic residues

The de novo designed toroid protein PDB ID 5BYO was the starting building block for toroid discs as it was
structurally validated by X-ray crystallography and a similar height to HDL nanodiscs of 2 nm3#7, The
original model of the toroid was a single-chain design with 12 repeating helix-turn-helix motifs*’. We
introduced hydrophobic point mutations on the interior-facing residues and tetramerized the design to have
smaller oligomers and reduce solubility issues during protein expression. Five internal residues on the toroid
were modified from polar residues to hydrophobic (Figure 1A-B, Supplemental Figure 1A). Of the designs
chosen for protein expression, mutations that were fully hydrophobic did not express well (Supplemental
Figure 1A). On the other hand, introducing a polar or aliphatic residue in the design produced three well-
expressing proteins (Figure 1A-B, Supplemental Figure 1A). The three expressing candidates were
purified by size exclusion chromatography (SEC) where two of the candidates had noticeable features on
the SEC trace showing signs of aggregation (Figure 1B). Candidate RLLLR had a monodisperse SEC
trace and eluted between 15 - 18 mL, a size corresponding to a size between 44,000 - 13,700 Da for the

SEC purification column which was used for purification (Supplemental Figure 1B).

The lipid 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) was mixed with toroid to test the ability of
the candidate RLLLR to capture lipids. We adapted an HDL nanodisc protocol and added a ratio of 20:1,
60:1 and 70:1 POPC lipids to toroid protein by molar concentration of protein®. Following SEC purification
of the toroid-lipid mixture, samples were analyzed by native mass spectrometry to validate the size of the
complex. The mass of a monomer for candidate RLLLR is 39,557 Daltons and an estimated 70 POPC
molecules are expected to fit into the internal cavity of the protein for a total complex mass of 210,728
Daltons. However, native mass spectrometry of the toroid-lipid complex revealed a smaller size than
expected, at 144,370 Daltons, well below our expected calculated mass (Supplemental Figure 1B).
Repeated efforts to mix the protein with lipids did not yield reproducible toroid-lipid data by native mass
spectrometry, thus, the Rosetta molecular modeling package was used to extend the helices to build taller

toroid structures from 2 nm to 4 nm.
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The height of eukaryotic plasma membranes ranges from 2.5 - 5 nm*4®, therefore, increasing the height
of the toroids provides 16 - 18 carbon lipids such as POPC a greater surface area for lipid-protein
interactions (Figure 1C). Interestingly, one design for taller toroid proteins produced a doublet during SEC
purification (Figure 1D). As only the interior residues of the toroids were modified as hydrophobic residues,
the rest of the protein remained hydrophilic. We hypothesized that the doublet peak for the tall toroids was
caused by stacking interactions of the proteins (Figure 1E)*. ns-EM for the main SEC peak and the
shoulder peak revealed that both SEC peaks contain toroid proteins (Supplemental Figure 1C). We also
characterized the SEC peak eluting at 11.3 mL using small-angle X-ray scattering (SAXS) which provided
low resolution data of the toroid where the observed curves were consistent with the protein shape mass
of the computationally predicted structure (Supplemental Figure 1C). To characterize the toroid sample to
a higher resolution we used negative stain electron microscopy (ns-EM) where processed toroid particles
show well formed rings for the SEC purification peak eluting at 11.3 mL which corresponds to the expected
size of the designed toroid protein (Figure 1E). The ease of protein expression and purification of the
hydrophobic toroid rings in both the short and tall design models was an encouraging result which suggests

the adaptability of these proteins as design candidates to build modular nanodiscs.
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Figure 1. Short and long helical designed toroids modified with hydrophobic residues

(A) The toroid protein PDB ID 5BYO designed by Doyle et al, was used as the base model for the design
of toroid nanodiscs*’. The protein has an internal diameter of 4 nm and height of 2 nm. In each 9-helical
bundle unit, the center internal-facing helix would be mutated with hydrophobic residues. (B) Two
expressing toroid disc candidate designs of different mutations were characterized by SEC. SEC traces
show multiple broad peaks suggesting protein aggregation. (C) The toroid helices were extended from 2
nm to 4 nm in height to provide a larger surface area for lipid-protein interactions. Seven residues on the
interior helix were mutated. (D) SEC purification of tall toroid candidate RLAVALA. (E) ns-EM raw
micrograph taken from a magnification of 57,000x and 2D class averages of the highlighted SEC peak in

D)
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Lipid handles through maleimide conjugation of tall toroids

Although the simple addition of lipids to short toroid proteins did not produce toroid-lipid nanodiscs by native
mass spectrometry, we investigated different strategies to contain lipids within the toroid discoidal cavity.
To encapsulate DNA nanoparticles lipid “handles” were designed into the DNA nanoparticle scaffold by
inserting lipid-conjugated oligonucleotides into the design®. The addition of lipid handles to these DNA
nanoparticles was a proven strategy to instigate bilayer encapsulation around a large DNA nanoparticle®.
We explored covalently conjugating n-dodecyl maleimide to the interior of our tall toroid proteins through a
cysteine residue to employ a similar nucleation strategy as lipid handles (Figure 2A). 1 or 2 cysteine
residues were introduced to the toroid candidate RLAVALA which was characterized by SEC and ns-EM.
For the single mutation variant, a cysteine was introduced to the center helix and in the middle of the
protein’s height (Figure 2B). For the double mutation, cysteines were introduced on different helices of the
same subunit (Figure 2B). The full toroid ring assembly of tetramers has a range of 4 or 8 cysteine residues
for maleimide conjugation. Cysteine mutants were expressed and purified by SEC. The purified toroid
proteins were mixed with n-dodecyl maleimide and the conjugation efficiency was assessed through liquid
chromatography-mass spectrometry (LCMS). The masses for the conjugated protein samples reported by
LCMS confirmed the successful conjugation of n-dodecyl maleimide to both of the cysteine constructs

(Figure 2C).

Encouraged by the successful conjugation of n-dodecyl maleimide to the interior of the toroid constructs,
we began titrating POPC lipids with our protein-maleimide conjugates. Lipid titrations for POPC were
performed for the single cysteine toroid mutant ranging from 0:1 to 120:1 lipid-to-protein molar ratio values
(Supplemental Figure 2A). After mixing and incubating POPC with toroid proteins, we purified the mixture
using SEC. As the lipid ratio increased, a new SEC peak eluting earlier than the toroid protein emerged at
approximately 9.5 mL (Supplemental Figure 2A). Initially this peak was believed to be a large complex of
lipids within the toroid protein, however upon screening with ns-EM this larger peak contained only
liposomes or lipid aggregates (Supplemental Figure 2B-C). While the titration of lipids did not produce
intended results, this design method indicates preliminary data for the successful conjugation of n-dodecyl

maleimide to our designed protein.

13
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Figure 2: n-dodecyl maleimide conjugation to long toroid proteins

(A) Schematic of the maleimide reaction covalently linking n-dodecyl maleimide to the toroid protein. (B) 1
or 2 cysteine mutations were introduced to the toroid candidate protein RLAVALA. Cysteine mutations are
circled in yellow. Cysteine mutants were purified by SEC. (C) LCMS data for the cysteine mutation
constructs show successful conjugation of n-dodecyl maleimide to the toroid protein. The mass of the
original hydrophobic construct is 41258 atomic mass units, while the mass of a single unit of n-dodecyl

maleimide is 265 atomic mass units.
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Discussion

Here we describe methods to generate designable membrane mimetics using de novo toroid proteins.
These preliminary results indicate that we are able to tune and modify the base toroid design without losing
protein expression. Furthermore, the successful conjugation of n-dodecyl maleimide shows that a
hydrophobic motif can be inserted into the toroid ring and is an initial step towards nucleating a discoidal

membrane bilayer within the toroid.

Initially, we were hopeful in our goal to produce membrane mimetics due to the simplicity and swiftness of
structural characterization for the helical toroid proteins. However, with no high-throughput assay to validate
successful lipid-protein interaction, it was difficult to assess whether we were ever successful at making a
membrane mimetic. Furthermore, a limiting factor for lipid bilayer formation was likely the restrictive
diameter of the toroid rings. HDL nanodisc diameters range from 4 - 16 nm and while we designed the
toroid rings within the range of HDL nanodisc diameters, the small size and inflexibility of the toroid proteins
compared with the HDL nanodisc protein could discourage lipid packing®!. To overcome this size limitation,

protein design of toroids with larger diameters should be prioritized.

Another rationale why the tall churros were not able to compartmentalize lipids other than its size, may be
due to the helical structure of the protein interior, thus we were inspired by the TIM barrel beta-turn-helix
motif in our next round of toroid design (Supplemental Figure 3A). The beta sheet character of this design
would provide the outer helices a large surface area for residue packing, while the interior hydrophobic
residues of these new beta-toroids would also provide lipids with a planar surface for interaction
(Supplemental Figure 3A). We modified RoseTTAFold diffusion (RFDiffusion) designed proteins
previously characterized by cryogenic electron microscopy (cryo-EM)®2. As in the helical toroid designs, we
tetramerized the proteins and modified the interior residues as hydrophobic (Supplemental Figure 3A).
Unlike helical toroids, all interior residues of beta-toroids could be mutated to hydrophobic residues and
cysteine mutations were introduced without penalty of aggregation observed by SEC (Supplemental

Figure 3B). However, the conjugation of n-dodecyl maleimide to the beta-toroids was unsuccessful. LCMS

15
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data of the protein conjugate revealed no mass of the protein oligomer and no proteins in complex with

lipids (Supplemental Figure 3B).

There are still a lot of upstream studies that need to be done to further amplify the applications of toroid
nanodiscs. Although the lipid handle strategy was unsuccessful in the context of toroid design, this
technique may be applicable in other contexts to make hybrid nanomaterials®®. These findings underscore
the need for further optimization for the toroid protein height, internal diameter, and hydrophobicity before
the next iteration of designs. Furthermore, high throughput assay development is necessary to be able to
screen multiple designs and mutations in order to iterate on a faster design pipeline. On the other hand,
these preliminary results show that toroid proteins are tolerable to hydrophobic mutations and are still good

candidates for exploring designed membrane mimetics.
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Supplemental Figure 1: Expression and characterization for short and tall helical toroid proteins

(A) SDS-PAGE of the IMAC eluate for 10 different toroid constructs. The constructs have different
hydrophobic residue mutations on the interior helix of the protein. The three best expressing designs are
highlighted and shown. (B) The best expressing design was construct RLLLR. The protein was purified by
SEC and a ratio of 60:1 POPC lipids was added to the protein and characterized by native mass
spectrometry (nMS). nMS data for the toroid-lipid sample was smaller than the expected size of the toroid-
lipid complex. (C) Short toroid helices were extended and the tall toroid proteins were characterized by
SAXS and ns-EM. ns-EM of the SEC main peak and the shoulder peak show toroid proteins present in both

peaks.
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Supplemental Figure 2: Maleimide-conjugated toroid lipid titration

(A) Lipid titration of POPC with single cysteine mutation tall toroid proteins conjugated with n-dodecyl
maleimide. Lipid-to-protein molar ratios start at 0:1 and increase to 120:1 lipid-to-protein. After the 40:1
mixture, the emergence of a second peak becomes prevalent in SEC traces. (B) Raw ns-EM micrograph
of the earlier SEC peak (yellow) reveals that the peak contains liposomes or lipid aggregates. (C) Raw ns-

EM micrograph of the earlier SEC peak (blue) of tall toroid proteins.
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Supplemental Figure 3: Beta-turn-helix motif scaffold for maleimide conjugation

(A) Beta-toroid protein design using RFDiffusion building blocks that was characterized by cryo-EM%2, This
design was tetramerized similarly to the helical toroids and the interior residues mutated to hydrophobic
residues. (B) 1 or 2 cysteine residues were introduced to the interior beta-sheet to conjugate n-dodecyl
maleimide. Mutants were purified by SEC and screened by ns-EM. Following the conjugation reaction, beta-
toroids were assessed by LCMS, however masses analyzed did not correspond to the mass of the protein

with the addition of n-dodecyl maleimide.
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Materials and Methods

Internal residue mutation of short and tall toroid and beta-toroid proteins

Published design models for the short toroid protein (PDB ID 5BYO*’) and the beta-toroid (HE0626°2) were
loaded into PyMol where the sequence and select feature were used to pick internal residues®3. Alanine,

valine and leucine were the most common mutations made.

Extension of the short toroid protein using Roseta

RoseTTAFold diffusion (RFDiffusion) was used to extend the helices of 5BYO by taking the input and
desired thickness of the toroid into consideration. After obtaining RFDiffusion pdb file outputs, files were
ran through Protein MPNN>* then AlphaFold 2% where designed toroids were filtered based on backbone
RMSD to the RFDiffusion outputs. RMSD values that were picked for in vitro testing fell between 0.987 and
1.57 A. Selected pdb files were loaded into PyMol where the sequence and select feature were used to

pick internal residues®3. Alanine, valine and leucine were the most common mutations made.

Purification of short and tall helical toroid and beta-toroid proteins

Plasmids ordered from GenScript for the tetrameric toroid subunits were transformed into E. coli BL21(DE3)
competent cells (NEB, Cat. C2527H) and plated on an agar plate treated with a final concentration of 50
pg/mL kanamycin. A single colony was picked from the transformed cells and grown in a 50 mL culture of
LB broth (Lennox formulation) overnight at 37.0°C. 5 mL of the overnight culture was transferred into 500
mL of Terrific Broth (TB) media treated with a final concentration of 50 pg/mL kanamycin. Cells were grown
in TB media at 37.0°C until an OD600 of 0.60 - 0.80 before induction with a final concentration of 1 mM
Isopropyl B- d-1-thiogalactopyranoside (IPTG) and grown for an additional 12 hours at 18.0°C. Cells were
harvested at 5000 revolutions per minute (rpm) for 30 minutes and resuspended with a lysis buffer (25.0
mM Tris-HCI pH 8.00, 0.5 M NaCl, 1.00 mg/mL lysozyme and 1.00 mg/mL DNAse) then lysed using
sonication. Cells were lysed at 4°C using a probe sonicator for a total of 5 minutes using 10.0 second

sonication pulses and 10.0 second breaks. After cell lysis, the solution was clarified at 10,000g for 30
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minutes. The supernatant was collected and ran through a nickel-nitrilotriacetic acid (Ni-NTA) IMAC resin
with a bed volume of 5.00 mL (Qiagen, Cat. 30250). The IMAC resin was equilibrated with 5.00 column
volumes of loading buffer (25.0 mM Tris-HCI pH 8.00, 0.15 M NacCl, 10 mM imidazole) before the addition
of cell lysate, then washed with 3 column volumes of the loading buffer. The bound protein was eluted with
1.50 column volumes of elution buffer (25.0 mM Tris-HCI pH 8.00, 0.15 mM NacCl, 0.50 M imidazole, 0.01

mM EDTA).

Addition of POPC to toroid proteins

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) was ordered from Avanti Polar Lipids in chloroform
at a concentration of 25 mg (850457). Different volume amounts for POPC depending on the molar
concentration of toroid protein was calculated and was transferred to a 1-dram borosilicate glass vial. The
chloroform was evaporated under a vacuum overnight. The thin film of lipid was rehydrated with toroid
protein in the elution buffer and the mixture was left untouched for 1 hour before bath sonication at 20C for
10 minutes. Following bath sonication, the mixture was mixed slowly on a rotator for 1 hour before injecting

the sample onto the Superdex 200 Increase 10/300 GL (Cytiva 28990944) for SEC purification.

ns-EM sample preparation for tall toroid protein (Figure 1E)

After SEC, the isolated toroid peak was diluted with the SEC buffer to 0.08 mg/mL. 3 pL of the diluted
sample was applied to a freshly glow discharged 400 carbon square mesh grid (Electron Microscopy
Sciences, EMS) and allowed to adsorb onto the grid for 30 seconds. Blotting paper (Wattman) was used to
remove excess solution from the grid before the application of 3 UL 2% uranyl formate (2UF) to stain the
grid for ns-EM. Excess stain solution was blotted immediately followed by another application of 3 L 2UF.
This was repeated once more, resulting in a total of 3 applications of 2UF. Following the final application of
2UF, all remaining solution was blotted and the sample was allowed to dry completely before imaging.
There was no waiting period in between each application of 2UF, and after each blot new 2UF was applied

to the grid immediately.
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ns-EM data acquisition and processing for tall toroid protein (Figure 1E)

Negative stain electron microscopy (ns-EM) micrographs were collected on a Thermo Fisher Scientific
Talos L120C 120 kV transmission electron microscope with a LaBe filament and CETA camera with a pixel
size of 2.49 A at 57,000x magnification. 188 micrographs were recorded at 57,000x magnification at a total
dose rate 45.2 e/A? for the octahedral nanoparticle. Micrographs were imported into CryoSPARC v4.7.0 56
and Patch CTF Estimation was performed prior to blob picking, inspection, and extraction of 175,335 picks
with a box size of 80 pixels. With CTF correction off, picks were classified into Reviewed 100 2D classes,
28 of which were selected to serve as templates for an additional round of particle picking. In this second
round of particle picking, picks were inspected and extracted to 80 pixels before classification of 168,067
extracted particles into 100 2D classes with CTF correction off. 38 out of 150 of these 2D classes were
selected as a second round of templates for another round of particle picking and extraction. In this last
round, 172,098 particles were extracted to 80 pixels using the templates from the second round of extraction
and classified into 50 2D classes with CTF correction off and maximum alignment resolution 6 A to generate

2D class averages.

N-dodecyl maleimide conjugation to tall toroids and beta-toroids

n-dodecyl maleimide was ordered from ABCR (CAS 17616-03-4) as powder. The final ratio of maleimide-
to-protein was 1:1 by molar concentration of the protein. n-dodecyl maleimide powder was measured using
an analytical scale and mixed in DMSO before adding the mixture to the toroid protein 1:1 (c/c). The mixture
incubated at room temperature for 1 hour before quenching the reaction with 0.5 mM TCEP and injecting

the sample onto the Superdex 200 Increase 10/300 GL (Cytiva 28990944) for SEC purification.
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LCMS and native mass spectrometry of toroids and toroid-lipid mixtures

The LCMS and native mass spectrometry data collected in this paper was in collaboration with the Mass
Spectrometry Core Facilities at the Institute for Protein Design, University of Washington (LCMS) and the

Marty Lab at the University of Austin (electrospray ionization native mass spectrometry).
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Chapter 3: De Novo computational design and purification of two-component transmembrane

nanoparticles

Adapted from
Zambrano D, Wargacki AJ, Humphrys D, Majumder S, Dowling QM, Carr KD, Weidle C, Borst AJ,
King NP. De novo computational design and purification of two-component transmembrane nanoparticles.

Manuscript in preparation.

Background

Enveloped protein nanoparticles (EPNs) are a class of hybrid nanomaterial composed from a single de
novo designed protein subunit which assembles into a 60-mer icosahedral nanoparticle®”. When
transfected in mammalian cultures, the nanoparticles are enveloped by cell-derived membranes®’. The
hybrid lipid-protein nature of the EPNSs is advantageous because it allows for the genetic modification of the
protein scaffold in silico, thus allowing for the functionalization of EPN nanoparticles®’. One limitation of the
EPN platform is that extracellular vesicles made using EPNs are heterogeneous in size and cargo
packaging in EPNs is still an active area of research®’. The design of hybrid lipid-protein nanoparticles that
can be formulated in vitro would be particularly useful due to the ability to modulate each building block with
atomic-level accuracy, as well as control over the formulation of the lipids involved in nanoparticle

preparation.

Two-component protein nanoparticles are built upon soluble protein building blocks and are constrained to
using soluble symmetric subunits. As a result, membrane protein antigens used in nanoparticle designs
first need to be stabilized and solubilized before they can be engineered for display on protein
nanoparticles®1819.5859 Recent advances in computational design have allowed us to design symmetric
helical membrane proteins and beta barrels which can be adapted for specific functions®-%3. These
advancements in technology and design of membrane proteins using computational methods have opened

the door to using more unique subunits as building blocks for designed nanoparticle complexes. Here we
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describe the design of a novel two-component octahedral nanoparticle using a de novo designed
membrane protein as an underlying scaffold to the nanoparticle. This technology marks the first generation
of transmembrane protein nanoparticles and is a step towards generating in vitro assembled EPN

nanoparticles.

Results
In silico design of octahedral two-component membrane protein nanoparticles

One method to design protein nanoparticles is to dock cyclic oligomers into higher order structures and
maximize positive contacts between the two subunits found at the interface. Here, the two components
comprising the design of this nanoparticle were a de novo designed tetrameric membrane protein (PDB ID:
6B85) and a trimer of the aldolase 2-keto-3-deoxy-6-phosphogluconate (PDB ID: 1WA3), which has been
used and characterized in previously designed nanoparticles with icosahedral and tetrahedral
geometries®2%7. Translational and rotational degrees of freedom were sampled for the 6B85 tetramer
(referred to as O43-A) and the 1WA3 trimer (referred to as 0O43-B) before docking the components in
octahedral symmetry (Figure 3A-C). Following docking of the two components, we initiated the design of
specific residues at the interface between the two protein components. A feature of the de novo designed
043-A component is the ability to truncate the protein (0O43-A-trunc) (Figure 3D-E)®°. As a result, the
truncated particle (O43-sol) and the transmembrane nanoparticle (043-TM) have the same protein-protein
interface between the two protein component building blocks (Figure 3F). Thousands of designs were
evaluated based on score metrics such as shape complementarity and the change in Gibbs free energy
(ddG) of the mutated interface residues. Designs were visually filtered to remove docks in which the
transmembrane domain was not solvent-accessible. Ten of the top scoring designs from our filtering

parameters were ordered for in vitro testing.
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Figure 3: Two-component design for soluble and transmembrane octahedral protein nanoparticles.

(A) The 043 architecture comprises eight copies of the trimeric component and six copies of the tetrameric
component (grey and pink) arranged in octahedral point group symmetry. The nanoparticle is composed of
48 total subunits. (B) Each oligomeric building block has two rigid body degrees of freedom, one
translational (r) and one rotational (w), that are systematically explored during docking. (C) Docking the
components identifies interfaces with a high frequency of contacting residues. (D) The tetrameric
component, O43-A, is a de novo designed transmembrane protein with two distinct domains: the soluble
and transmembrane domains. O43-A can be truncated (O43-A-trunc) and the resulting protein-protein
interface of the soluble nanoparticle, O43-sol, is identical to the interface of O43-TM. (E) The computational
model of the O43-sol nanoparticle as a result of truncating O43-A. (F) Residues found in the interface of

043-A and 043-B are scored and manually modified to increase favorable interactions.

Characterization of designed O43-sol nanoparticles

The assembly interfaces between the two protein subunits are identical for the O43-sol and O43-TM
nanoparticles, thus we proceeded with the expression and characterization of O43-sol to assess

nanoparticle assembly independent of the transmembrane domain. Proteins for O43-A-trunc and O43-B
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were bicistronically expressed in E. coli and purified using histidine affinity tags on nickel immobilized metal
affinity chromatography (IMAC) columns. Both components eluted from IMAC as shown by two bands
represented in the Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) of the IMAC
eluate fraction measuring approximately 15 kDa and 24 kDa (Figure 4A). These molecular weights were
consistent with the masses of O43-A-trunc and O43-B respectively (Figure 4A). Further purification of the
nanoparticle was accomplished by performing size exclusion chromatography (SEC) to isolate a single
monodisperse peak at the predicted size. O43-sol hanoparticles eluted from SEC around 14.1 mL, earlier
than a 660 kDa size standard(Figure 4B). Dynamic light scattering (DLS) and negative stain electron
microscopy (ns-EM) were used to further validate the size and assembly of the nanopatrticle isolated from
the SEC peak fraction. The theoretical in silico diameter of 0O43-sol nanoparticles is approximately 19.7 nm,
while the measured diameter found by DLS was 20.8 nm (Figure 4C). Monodisperse O43-sol nanopatrticles
were observed by ns-EM and processed into 2D and 3D reconstructions resolved at 21 A (Figure 4D-F).
Designs which did not express or assemble into nanoparticles during the solubility screen were considered

viable candidates for addition of the transmembrane domain.
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Figure 4: Purification and characterization of O43-sol nanoparticles by ns-EM.

(A) SDS-PAGE of IMAC and SEC eluate for O43-sol nanoparticles. Two bands labeled at 14 kDa and 24
kDa correspond to the O43-A-trunc (pink) and O43-B (grey) protein components respectively. The full
annotated and unannotated SDS-PAGE can be found in Supplemental Figure 4. (B) SEC trace of protein
absorbance at A2so as a function of elution volume with the nanoparticle highlighted in pink eluting at 14.1
mL. (C) DLS trace of O43-sol nanopatrticles purified by SEC report a particle diameter of 20.8 nm. (D) ns-
EM raw micrograph of the SEC peak fraction for O43-sol taken at 57,000X magnification. The scale bar
represents 50 nm. (E) ns-EM 2D class averages and (F) 3D volume maps along the 2-, 3-, and 4-fold axes

of symmetry for the O43-sol nanoparticle.
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Purification and characterization of O43-TM nanoparticles

Following a revision of our purification protocols for the separate protein components for 043-TM, improved
characterization of the nanoparticle could commence. Full length 043-A and O43-B were independently
expressed and purified by IMAC and SDS-PAGE (Figure 5A, Supplemental Figure 5A-C). After mixing
the two protein components together to allow for nanoparticle self-assembly, O43-TM was purified using
SEC in a buffer containing 0.75% CHAPS detergent. A 2-fold improvement in protein purification of O43-
TM was achieved when 100 mM glycine and 100 mM arginine were used as excipients in all buffers
throughout protein purification®. The nanoparticle peak for 043-TM eluted from SEC around 13.2 mL,
implying that the O43-TM nanopatrticle with the addition of the transmembrane domain was larger than
043-sol nanoparticles (Figure 5B). The theoretical in silico diameter of O43-TM nanoparticles was 29.2
nm while the measured diameter found by DLS was 28.4 nm (Figure 5C). The SEC buffer containing
CHAPS was run as a control, and we observed that the O43-TM sample contained detergent micelles
measuring around 5.63 nm as well as a protein aggregation peak around 115 nm in diameter (Figure 5C).
The SEC peak fraction was imaged by ns-EM where we identified nanoparticles with distinct spikes
protruding from the underlying scaffold which resembled the design model (Figure 5D-E, Supplemental

Figure 5D-F).

Encouraged by these results, O43-TM particles purified by SEC were imaged using Cryo-EM for higher
resolution characterization. n-Dodecyl-B-D-Maltoside (DDM) detergent was used to prevent aggregation
ofO43-TM nanopatrticles for purification and Cryo-EM (Figure 5F, Supplemental Figure A-H).
Transmembrane domain density was clearly observed in raw Cryo-EM movies as well as 2D class averages
(Figure 5G-H). The unsharpened volume map revealed micelle density around the transmembrane
domains of O43-TM while the sharpened density revealed clearly defined secondary structural elements of
the transmembrane helices (Figure 3H-J, Supplemental Figure 6l1). Subsequent 3D refinement yielded a
final map with a global resolution of 4.16 A, with local resolution ranging from 2.50 A to 5.0 A and an RMS
deviation from the design model of 4.018 A (Supplemental Figure 6J). Local resolution refinements for
each component were also performed and further resolved by masking each nanoparticle component and

applying symmetry expansion®®. In the local refinement maps, the O43-A tetramer was resolved to a local
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resolution of 4.03 A with Ca RMSD of 1.891 A of the tetramer as viewed along the profile and a Ca RMSD
of 1.495 A for the monomer (Figure 5K, Supplemental Figure 6K). The O43-B trimer viewed along the
C3 axis had a Ca RMSD of 1.036 A (Figure 5K, Supplemental Figure 6K). These structural results,

coupled with biophysical data indicate that the successful in silico design of O43-TM nanopatrticles.
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Figure 5: Purification and characterization of O43-TM nanoparticles by ns-EM and Cryo-EM.

(A) SDS-PAGE of IMAC eluate for O43-TM nanoparticle components. Fractions correspond to the O43-A
(pink) and 0O43-B (grey) proteins respectively. The full annotated and unannotated SDS-PAGE can be found
in Supplemental Figure 5A-C. (B) SEC trace of protein absorbance at Azso as a function of elution volume

with the nanoparticle highlighted in pink eluting at 13.2 mL for O43-TM nanoparticles. (C) DLS trace for
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043-TM nanopatrticles purified by SEC with the nanopatrticle reporting a diameter of 28.4 nm. 0O43-TM
samples contain detergent micelles as demonstrated using a buffer control containing 0.75% CHAPS. (D)
ns-EM raw micrograph of the SEC peak fraction for O43-TM. The scale bar represents 50 nm. (E) ns-EM
micrographs for O43-TM nanoparticles were processed to generate 2D class averages and 3D
reconstructions (Supplemental Figure 5D-E). (F) A raw representative Cryo-EM micrograph at 105,000x
magnification with a scale bar representing 20 nm (Supplemental Figure 6A-B). (G) 2D class averages
processed from Cryo-EM movies (Supplemental Figure 6C-H). (H) A comparison of the unsharpened and
sharpened global maps for O43-TM along the 4-fold axis of symmetry. In the unsharpened maps along the
3- and 4-fold axes of symmetry we observe detergent micelle density around the transmembrane domains
(Supplemental Figure 61) (I) Sharpened local refinement map of the O43-A transmembrane protein docked
into the unsharpened global map. In the local refinement map, the TM helices are able to be resolved
through the detergent micelle. (J) Sharpened local refinement map of O43-A docked into the sharpened
global map. (K) Global resolution for 043-TM nanoparticles was 4.07 A with local resolutions ranging from
2.5 At0 5.0 A (Supplemental Figure 6J). Local refinement models of the nanoparticle subunits where the
computational design (grey) was aligned to the Cryo-EM model (rainbow). (i) The O43-A tetramer as viewed
along the profile has a Ca RMSD of 1.891 A. (ii) The 043-A monomer Ca RMSD of 1.495 A. (iii) The 043-
B trimer viewed along the C3 axis has a Ca RMSD of 1.036 A. More RMSD values for each protein

component viewed from different angles can be found in Supplemental Figure 6K.
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Discussion

Here we designed two-component nanoparticles using a transmembrane protein as part of the nanoparticle
scaffold. This work establishes a foundation for the purification and characterization of transmembrane
nanoparticles, and illustrates the feasibility of using transmembrane domains for nanopatrticle design. This
study presents, to our knowledge, one of the first examples of a transmembrane two-component protein

nanopatrticle utilizing de novo protein design.

The goal of utilizing transmembrane scaffolds in nanoparticle design was to leverage the hydrophobic
property of transmembrane domains in order to encapsulate the nanoparticle within a lipid bilayer
(Supplemental Figure 7). Purifying a nanoparticle containing 24 copies of a multipass transmembrane
protein was no trivial feat. After screening O43-sol nanoparticles we were very optimistic about the
purification of 043-TM, however we noticed that our initial purification protocol contained an abundance of
a contaminant protein®. Identifying the contaminant protein and finding the optimal mixture of excipients to
use for improving our purification was the first hurdle to working with these transmembrane-displaying
nanoparticles®4. Following the identification of the contaminant, we were able to better isolate 043-TM and
characterize the protein structure to 4.16 A, a surprisingly high resolution for a nanoparticle containing 6

solvent-exposed transmembrane domains.

This work represents a step towards generating true hybrid protein-lipid nanoparticles. Our results establish
the first de novo designed nanoparticle using a de novo transmembrane protein as a key scaffold forming
the nanoparticle and demonstrates the potential of using computationally designed transmembrane

proteins to design larger oligomers to be used for broader applications.
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Supplemental Figure 4: SDS-PAGE of bicistronic O43-sol IMAC purification

(A) Annotated SEC trace for the purification of O43-sol nanopatrticles with the nanoparticle peak labeled as

2 different colors corresponding to separate SEC fractions. (B) ns-EM raw micrograph of SEC fraction 1

from the trace in (A) representing O43-sol nanoparticles. The white scale bar is 50 nm. (C) ns-EM raw

micrograph of SEC fraction 2 from the trace in (A) representing O43-sol nanoparticles. The white scale bar

is 50 nm. (D) Unannotated and (E) Annotated SDS-PAGE for O43-sol showing samples during different

stages of IMAC and SEC purification. (F) Lane and Sample identifiers for the annotated SDS-PAGE in (E).
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C SDS-PAGE labels

Sample identifier
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Figure 5: SDS-PAGE and ns-EM

raw data for

043-TM purification and

(A) Unannotated and (B) Annotated SDS-PAGE of the purification for O43-A and O43-B by IMAC. (C) Lane

and Sample identifiers for the annotated SDS-PAGE in (B). (D) Fourier shell correlation (FSC) plot of the

ns-EM 3D volume map. (E) View angle distribution plot of the ns-EM 3D volume map. (F) Low resolution

ns-EM volume map of O43-TM nanopatrticles purified by SEC in CHAPS detergent along the 2-, 3- and 4-

fold axes of symmetry.
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Supplemental Figure 6: Cryo-EM data processing for O43-TM

(A) Representative denoised Cryo-EM micrograph for O43-TM Dataset 1. (B) Representative denoised

Cryo-EM micrograph for 043-TM Dataset 2 following improved purification (Supplemental Table 1) 6.

Final global refinement map statistics including (C) the Gold Standard Fourier Shell Correlation (GSFSC)

plot showing an estimated resolution of 4.07 A at a Fourier Shell Correlation (FSC) of 0.143 (D) Guinier

Plot and (E) Direction Orientation Diagnostics. Final local refinement map statistics including (F) the GSFSC

plot showing an estimated resolution of 4.00 A at FSC 0.143, (G) Guinier Plot and (H) Direction Orientation
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Diagnostics plot. (I) A comparison of the final unsharpened and sharpened global volume maps viewed
along the 2-, 3- and 4-fold axes of symmetry. (J) Local resolution estimations of the sharpened global
refinement map along the 2-, 3- and 4-fold axes of symmetry. The color bar shows regions with resolutions
ranging from 2.5 A to 5.0 A. (K) Local refinement models of the nanoparticle subunits where the
computational design (grey) is aligned to the Cryo-EM model (rainbow). Monomeric O43-A (i) has a Ca
RMSD of 1.495 A. Tetrameric O43-A as viewed along the profile (ii) and C4 axis (iii) has a Ca RMSD of
1.891 A. Monomeric 043-B (iv) has a Ca RMSD of 0.764 A. Trimeric O43-B as viewed along the profile (v)
and C3 axis (vi) has a Ca RMSD of 1.036 A. Local maps shown were produced in ChimeraX and have

blobs smaller than size 10 hidden.

Supplemental Figure 7: Model of the encapsulated transmembrane nanoparticle

An illustrative model of the expected outcome for encapsulating a transmembrane nanopatrticle. A lipid
bilayer surrounds the protein nanoparticle around the transmembrane domains of 043-A. This

representative model was made using BioRender®.
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Supplemental Table 1: O43-TM Cryo-EM Data Collection Statistics

Data Collection Dataset 1 Dataset 2
Microscope Titan Krios (FEI) Titan Krios (FEI)
Voltage (kV) 300 300
Detector K3 Gatan K3 Gatan

Energy Filter

Gatan BioQuantum Gif

Gatan BioQuantum Gif

Magnification

105,000 X

105,000 X

Movie micrograph pixel size (A) 0.843 0.843
Dose rate (e”/A%/s) 8.4 11.8
No. of frames per Stack 99 79
Frame exposure time (s) 0.05 0.05
Movie micrograph exposure time (s) 5 5
Total dose (e /A2) 47.00 47.32
Defocus range (um) -0.8t0-1.8 -0.8t0-1.8
Number of movie micrographs 6,211 6,887
Global Cryo-EM Map
Total Particles 42,340
Symmetry Octahedral
Global Map Global Resolution Estimation (A) 4.07
Maximum Global Map Local Resolution (A) 8.3
Minimum Global Map Local Resolution (A) 3.0
Local Cryo-EM Map
Total Particles 58,139
Total Particle Poses 1,395,336
Global Map Global Resolution Estimation (A) 4.00
Global Map Global Resolution Estimation (A) 5.7
Minimum Global Map Local Resolution (A) 2.6
Atomic Model Validation Metrics
Bonds (RMSD)
Bond Lengths (A) (# > 40) 0.011
Bond Angles (°) (# > 40) 1.766
MolProbity Score 0.68
Clash Score 0.21
Ramachandran plot
Quitliers (%) 0.00
Allowed (%) 2.46
Favored (%) 97.54
Rotamer outliers (%) 0.00
Atomic Model
Number of molecule A chains 24
Residues per chain 210
Number of molecule B chains 24
Residues per chain 201
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Supplemental Sequence 1. O43-A-trunc sequence

ALAYVMLGLLLSLLNRLSLAAEAYKKAIELDPNDALAWLLLGSVLEKLKRLDEAAEAYKKAIELKPNDASAW
KELGKVLEKLGRLDEAADAYAEALRLDPDDTEAWKELGKVLEKLGMLEAAAMAKKAAILLDPNDGSEQKL
ISEEDLGSGSGSHHHHHH

MW: 17.4 kDa

Supplemental Sequence 2: O43-A sequence

MSKDTEDSRKIWRTIMLLLVFAILLSAIWYQITTNPKTSQIATLLSMQLLLIALMLVVIALLLSRQTEQVAESI
RRDVSALAYVMLGLLLSLLNRLSLAAEAYKKAIELDPNDALAWLLLGSVLEKLKRLDEAAEAYKKAIELKPN
DASAWKELGKVLEKLGRLDEAADAYAEALRLDPDDTEAWKELGKVLEKLGMLEAAAMAKKAAILLDPND
GSEQKLISEEDLGSGSGSHHHHHH

MW: 26.6 kDa

Supplemental Sequence 3: O43-B sequence

MEELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFTVPDADTVIKALSVLKEKGAIIGAGTVTSVEQA
RKAVESGAEFIVSPHLDEEISQFAKEKGVFYMPGVMTPTELVKAMKLGHTILKLFPGEVVGPQFVKAMKG
PFPNVKFVPTGGVDLDNVAEWFKAGVLAVGVGEALVDGEPRAVKIAAIAFRAVIKGATEGSEQKLISEEDL
GSGSGSHHHHHH

MW: 24.1 kDa

The C-terminal of all sequences ends in a single GS linker (italicised and underlined) followed by a Myc-

tag (bold). The Myc-tag and 6X histidine tag are separated by an addition of a 3xGS linker.
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Materials and Methods

Computational design of O43 nanoparticles

Nanoparticle assemblies were generated by using 6B85 and 1WAS3 cyclic oligomers as the starting
subunits. The pair were aligned along the octahedral symmetry axes and allowed to rotate freely around
the four-fold or three-fold symmetry axis before docking the subunits together. The nanoparticle is
composed of a combination of six tetrameric building blocks and eight trimeric building blocks making up
what we describe as the O43-TM nanoparticle. In total the 043 nanoparticles contained 48 subunits of
proteins. Thousands of O43-TM docks were assessed and filtered by several parameters including: size of
the interface between the subunits, the number of interacting residues, hydrophobicity of the interface,
spacing of the backbone geometry at the interface, shape complementarity and the change in Gibbs free
energy (ddG) of the mutated interface residues as previously described®1%12151866 Designs where the
transmembrane domain of O43-A was buried within the octahedral scaffold were disregarded. The top 10
nanoparticles after the application of these filtering parameters were chosen to be evaluated in vitro. For
the top designs, C-terminal Myc-tag linked to 6x histidine-tagged plasmids were ordered from GenScript

and transformed into E. coli competent cells.

Purification of bicistronic O43-sol nanoparticles

Plasmids ordered from GenScript for the tetrameric soluble protein linked to the trimeric soluble protein
(O43-A-trunc and 0O43-B) were transformed into E. coli BL21(DE3) competent cells (NEB, Cat. C2527H)
and plated on an agar plate treated with a final concentration of 50 pg/mL kanamycin. A single colony was
picked from the transformed cells and grown in a 50 mL culture of LB broth (Lennox formulation) overnight
at 37.0°C. 5 mL of the overnight culture was transferred into 500 mL of Terrific Broth (TB) media treated
with a final concentration of 50 pg/mL kanamycin. Cells were grown in TB media at 37.0°C until an OD600
of 0.60 - 0.80 before induction with a final concentration of 1 mM Isopropyl B- d-1-thiogalactopyranoside
(IPTG) and grown for an additional 12 hours at 18.0°C. Cells were harvested at 5000 revolutions per minute

(rpm) for 30 minutes and resuspended with a lysis buffer (25.0 mM Tris-HCI pH 8.00, 0.15 M KCI, 100 mM
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arginine, 100 mM glycine, 1.00 mg/mL lysozyme and 1.00 mg/mL DNAse) then lysed using sonication.
Cells were lysed at 4°C using a probe sonicator for a total of 5 minutes using 10.0 second sonication pulses
and 10.0 second breaks. After cell lysis, the solution was clarified at 10,000g for 30 minutes. The
supernatant was collected and ran through a nickel-nitrilotriacetic acid (Ni-NTA) IMAC resin with a bed
volume of 5.00 mL (Qiagen, Cat. 30250). The IMAC resin was equilibrated with 5.00 column volumes of
loading buffer (25.0 mM Tris-HCI pH 8.00, 0.15 M KCI, 100 mM arginine and 100 mM glycine) before the
addition of cell lysate, then washed with 3 column volumes of the loading buffer. The bound protein was
eluted with 1.50 column volumes of elution buffer (25.0 mM Tris-HCI pH 8.00, 0.15 mM KClI, 0.50 M

imidazole, 0.15% n-Dodecyl-B-D-maltoside (DDM), 100 mM arginine and 100 mM glycine).

Purification of transmembrane O43-A nanoparticle component

Plasmids ordered from GenScript for the tetrameric transmembrane protein were transformed into BL21
Star (DE3)pLysS One Shot competent cells (Promega, Cat. L1195) and plated on an agar plate containing
of 50 pg/mL kanamycin. A single colony was picked from the transformed cells and grown in a 50 mL culture
of LB broth (Lennox formulation) overnight at 37.0°C. 5 mL of the overnight culture was transferred into 500
mL of Terrific Broth (TB) media treated with a final concentration of 50 pg/mL kanamycin. Cells were grown
in TB media at 37.0°C until an OD600 of 0.60 - 0.80 before induction with a final concentration of 1 mM
Isopropyl B-d-1-thiogalactopyranoside (IPTG) and grown for an additional 12 hours at 18.0°C. Cells were
harvested at 5000 revolutions per minute (rpm) for 30 minutes and resuspended with a lysis buffer (25.0
mM Tris-HCI pH 8.00, 0.15 M KCI, 100 mM arginine, 100 mM glycine, 1.00 mg/mL lysozyme and 1.00
mg/mL DNAse) then lysed using sonication. Cells were lysed at 4°C using a probe sonicator for a total of
5 minutes using 10.0 second sonication pulses and 10.0 second breaks. Following lysis by sonication, cells
were sedimented at 10,0009 for 15 minutes and the supernatant was collected for ultracentrifugation and
clarified at 130,000g for 1.00 hour at 4.0°C. Resuspension buffer (25.0 mM Tris-HCI pH 8.00, 0.15 M KCl,
100 mM arginine, 100 mM glycine and 2.00% n-Dodecyl-3-D-maltoside (DDM)) was used to resuspend the
pellet membrane fraction after ultracentrifugation. This membrane suspension was placed on a rocker at

4.0°C overnight. The following day, the solution was spun for an additional 30 minutes at 14,0009 as the
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last clarification step. The supernatant was collected and ran through an Ni-NTA IMAC resin (Qiagen, Cat.
30250) with a bed volume of 5.00 mL. The IMAC resin was equilibrated with 5.00 column volumes of
resuspension buffer before the addition of clarified membrane supernatant, then washed with 3 column
volumes of the resuspension buffer then eluted with 1.50 column volumes of elution buffer (25.0 mM Tris-

HCI pH 8.00, 0.15 mM KCI, 0.50 M imidazole, 0.15% DDM, 100 mM arginine and 100 mM glycine).

Purification of soluble O43-B nanoparticle component

Plasmids ordered from GenScript for the trimeric soluble protein were transformed into E. coli BL21(DE3)
competent cells (NEB, Cat. C2527H) and plated on an agar plate treated with a final concentration of 50
pa/mL kanamycin. A single colony was picked from the transformed cells and grown in a 50 mL culture of
LB broth (Lennox formulation) overnight at 37.0°C. 5 mL of the overnight culture was transferred into 500
mL of Terrific Broth (TB) media treated with a final concentration of 50 pg/mL kanamycin. Cells were grown
in TB media at 37.0°C until an OD600 of 0.60 - 0.80 before induction with a final concentration of 1 mM
Isopropyl B-d-1-thiogalactopyranoside (IPTG) and grown for an additional 3 hours at 37.0°C. Cells were
harvested at 5000 revolutions per minute (rpm) for 30 minutes and resuspended with a lysis buffer (25.0
mM Tris-HCI pH 8.00, 0.15 M NaCl, 100 mM arginine, 100 mM glycine, 1.00 mg/mL lysozyme and 1.00
mg/mL DNAse) then lysed using sonication. Cells were lysed at 4°C using a probe sonicator for a total of
5 minutes using 10.0 second sonication pulses and 10.0 second breaks. After cell lysis, the solution was
clarified at 10,0009 for 30 minutes. The supernatant was collected and passed over a nickel-nitrilotriacetic
acid (Ni-NTA) IMAC resin with a bed volume of 5.00 mL (Qiagen, Cat. 30250). The IMAC resin was
equilibrated with 5.00 column volumes of loading buffer (25.0 mM Tris-HCI pH 8.00, 0.15 M NacCl, 100 mM
arginine and 100 mM glycine) before the addition of cell lysate, then washed with 3 column volumes of the
loading buffer. The bound protein was eluted with 1.50 column volumes of elution buffer (25.0 mM Tris-HCI
pH 8.00, 150 mM KCI, 0.50 M imidazole, 0.15% n-Dodecyl-B-D-maltoside (DDM), 100 mM arginine and

100 mM glycine).
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Purification and characterization of 043 assembled nanoparticles

Purified proteins for 043-A were mixed together with O43-B at a 1:1.5 (c/c) by molar ratio for 1 hour at
4.0°C on a rocker to facilitate nanoparticle assembly. Purification of assembled nanoparticles was achieved
using size exclusion chromatography (SEC) in an SEC buffer (25.0 mM Tris-HCI pH 8.00, 0.15 mM NacCl,
0.75% 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS), 100 mM arginine and 100
mM glycine) on a Cytiva Superose® 6 Increase 10/300 GL column. The SEC column was calibrated using
the Cytiva Gel Filtration HMW Calibration Kit (Cat. 28403842) with a resolution limit of molecular masses
ranging from 43 to 669 kilodaltons (kDa). The nanoparticle peak eluting from SEC was isolated and

characterized by DLS, ns-EM and Cryo-EM.

ns-EM sample preparation for O43-sol

After SEC, the isolated nanoparticle peak was diluted with the SEC buffer from 0.31 mg/mL to 0.01 mg/mL.
3 yL of the diluted sample was applied to a freshly glow discharged 400 carbon square mesh grid (Electron
Microscopy Sciences, EMS) and allowed to adsorb onto the grid for 30 seconds. Blotting paper (Wattman)
was used to remove excess solution from the grid before the application of 3 uL 2% uranyl formate (2UF)
to stain the grid for ns-EM. Excess stain solution was blotted immediately followed by another application
of 3 uL 2UF. This was repeated once more, resulting in a total of 3 applications of 2UF. Following the final
application of 2UF, all remaining solution was blotted and the sample was allowed to dry completely before
imaging. There was no waiting period in between each application of 2UF, and after each blot new 2UF

was applied to the grid immediately.

ns-EM data acquisition and processing for O43-sol

Negative stain electron microscopy (ns-EM) micrographs were collected on a Thermo Fisher Scientific
Talos L120C 120 kV transmission electron microscope with a LaBs filament and CETA camera with a pixel
size of 2.49 A at 57,000x magnification. 173 micrographs were recorded at 57,000x magnification at a total

dose rate 36 e/A? for the octahedral nanoparticle. Micrographs were imported into CryoSPARC v4.7.0 58
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and Patch CTF Estimation was performed prior to blob picking, inspection, and extraction of 33,983 picks
with a box size of 180 pixels (448.2 A). With CTF correction off, picks were classified into Reviewed 150
2D classes, 19 of which were selected to serve as templates for an additional round of particle picking. In
this second round of particle picking, picks were inspected and extracted to 180 pixels (448.2 A) before
classification of 42,337 extracted particles into 100 2D classes with CTF correction off. 5 out of 150 of these
2D classes were selected as a second round of templates for another round of particle picking and
extraction. In this last round, 35,323 particles were extracted to 180 pixels (448.2 A) using the templates
from the second round of extraction and classified into 50 2D classes with CTF correction off and maximum
alignment resolution 6 A. 4 classes with 6,415 particles were used to generate three 3D octahedral ab-initio
reconstruction classes. The best 3D class containing 5,275 particles was used for homogeneous
refinement to generate a volume map using Octahedral symmetry with a maximum resolution threshold of

20 A.

ns-EM sample preparation for O43-TM

After SEC, the isolated nanoparticle peak was diluted with the SEC buffer from 0.034 mg/mL to 0.01 mg/mL.
3 pL of the diluted sample was applied to a freshly glow discharged 400 carbon square mesh grid (Electron
Microscopy Sciences, EMS) and allowed to adsorb onto the grid for 30 seconds. Blotting paper (Wattman)
was used to remove excess solution from the grid before the application of 3 pL 2% uranyl formate (2UF)
to stain the grid for ns-EM. Excess stain solution was blotted immediately followed by another application
of 3 pL 2UF. This was repeated once more, resulting in a total of 3 applications of 2UF. Following the final
application of 2UF, all remaining solution was blotted and the sample was allowed to dry completely before
imaging. There was no waiting period in between each application of 2UF, and after each blot new 2UF

was applied to the grid immediately.
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ns-EM data acquisition and processing for O43-TM

ns-EM micrographs were collected on a Thermo Fisher Scientific Talos L120C 120 kV transmission electron
microscope with a LaBs filament and CETA camera with a pixel size of 2.49 A at 57,000x magnification.
143 micrographs were recorded at 57,000x magnification at a total dose rate 24.1 e-/A? for the octahedral
nanoparticle. Micrographs were imported into CryoSPARC v4.7.0 21 and Patch CTF Estimation was
performed prior to blob picking, inspection, and extraction of 26,831 picks with a box size of 180 pixels
(448.2 A). Picks were classified into 50 2D classes, 7 of which were selected to serve as templates for an
additional round of particle picking. In this second round of particle picking, picks were inspected and
extracted to 180 pixels (448.2 A) before classification of 12,953 extracted particles into 100 2D classes with
CTF correction off. 12 out of 150 of these 2D classes were selected as a second round of templates for
another round of particle picking and extraction. In this last round, 11,858 particles were extracted to 180
pixels (448.2 A) using the templates from the second round of extraction and classified into 50 2D classes
with CTF correction off. 5,118 particles were used to generate three 3D ab-initio reconstruction classes in
C1. The best 3D class contained 5,104 particles which were homogeneously refined into a volume map

using Octahedral symmetry with a maximum resolution threshold of 20 A.

Cryo-EM sample preparation for 043-TM

043-TM nanoparticles for the Cryo-EM datasets were purified in an SEC buffer containing 0.15% DDM
instead of CHAPS detergent. For the first dataset, 3 pL of protein sample, at an estimated final
concentration of 0.3 mg/mL, was applied to a glow-discharged R 2/2 Holey Carbon grid overlaid with a 2
nm layer of ultrathin continuous carbon (Quantifoil). Vitrification via plunge freezing into liquid ethane was
performed using a Vitrobot Mark IV (Thermo Scientific) with a chamber temperature of 22°C, a chamber
humidity of 100%, a wait time of 7.5 seconds, a blot time of 0.5 seconds, and a blot force of 0. The grid was
clipped following standard protocols before being loaded onto a 300 kV Titan Krios (FEI) for imaging. For
the second dataset, the same protocol was performed using the improved purity sample which had an

estimated final concentration of 0.15 mg/mL.
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Cryo-EM data acquisition and processing for O43-TM

For the first dataset, a total of 6,211 movies were collected using SerialEM (Mastronarde, 2003,
Mastronarde, 2005) on a 300 kV Titan Krios (FEI) equipped with a K3 direct electron detector (Gatan) and
a BioQuantum Gif energy filter (Gatan). The movies were recorded at 105,000x magnification, with a pixel
(px) size of 0.843 A/px. Each movie consisted of 99 frames recorded at a frame rate of 19.8 frames per
second, with a dose rate of 9.4 e-/A%s and an exposure time of 5 seconds, resulting in a total exposure
dose of 47.0 e-/A2. For the second dataset, 6,887 additional movies were collected using SerialEM
(Mastronarde, 2003, Mastronarde, 2005) on the same microscope with the same detector, energy filter,
pixel size and magnification as before. Each movie consisted of 79 frames recorded at a frame rate of 19.8
frames per second, with a dose rate of 11.8 e-/A%s and an exposure time of 4 seconds, resulting in a total

exposure dose of 47.32 e-/A2,

Cryo-EM data processing for O43-TM

Two data sets were used to process data for O43-TM nanoparticles. For global refinement, the movies from
the first dataset were imported into CryoSPARC v4.4 for data processing®®. Initially, these movies were
processed using the Patch Motion Correction job. Defocus and astigmatism values were estimated using
the Patch CTF Estimation job with the default parameters. After two rounds of exposure curation, 4,264
exposures were selected for particle picking. Prospective particles were identified using blob picking with a
diameter range of 200 to 400 A. This process identified 808,774 prospective particles, which were then
inspected and curated based on power histogram values and normalized cross-correlation scores.
Following this curation, 456,319 particles were extracted at a box size of 600 pixels. These particles were
classified into 150 classes with a batch size of 400 per class. 4 classes were selected to serve as templates
for another round of particle picking with particle diameter set to 300 A. This round yielded 1,468,115
prospective particles, which were curated down to 765,699 particles. These were extracted at 600 pixels
and classified into 150 classes again. All high-quality particle classes (47,980 particles) were re-extracted
with recentering enabled, resulting in 47,480 particles, which were then split into 150 classes, yielding

39,222 high-quality particles. Cryo-EM data processing of O43-TM particles follows protocols as previously
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described®. Of these high-quality particles, the 20,189 contained in 39 2D classes of the designed

nanoparticle. These particles were combined with the particles isolated from the second dataset.

Movies from the second dataset were also imported into CryoSPARC v4.4 for data processing®. As with
the first dataset, these movies were also processed using the Patch Motion Correction and Patch CTF
Estimation jobs with default parameters. Exposures were curated twice, to yield 4,491 movies for particle
particle picking. To ensure noise was not being selected, blob picking was once again used to identify
candidate classes to use as templates during another round of particle picking. 22,151 particles composing
2D class averages of the designed protein were selected for combination with the first dataset to generate

a total of 42,340 combined particles.

Particles in both datasets were used as inputs for a 3 class asymmetric ab-initio refinement with a maximum
resolution of 20 A. As the density could be observed to be octahedral and no symmetry breaking features
were observed, future refinements were done with enforced octahedral symmetry. Firstly, a non-uniform
refinement was run on the best output, using all 42,340 particles, which yielded a global Gold Standard
Fourier Shell Correlation (GSFSC) resolution estimate of 4.15 A. A subsequent non-uniform refinement with
“Minimize over per-particle scale” and “Optimize per-group CTF params” set to True enabled us to derive

a final volume with a global GSFSC resolution estimation of 4.07 A.

Our best local refinement was derived following a re-processing of both datasets in parallel. First, each
dataset was independently pre-processed using Import Movies, Patch Motion Correction, and Patch CTF
estimation jobs identically to the way they were initially processed. Automated Curate Exposures jobs
systemically rejected all movies with CTF fit resolutions below 6 A. Each dataset was denoised using the
Micrograph Denoiser job with default settings, before exposures were manually curated, reducing the first
dataset to 4,630 movies and the second dataset to 5,382 movies. At this point, both datasets were
combined for Blob Picking on all 10,012 movies with the input diameter narrowed to between 260 A and
320 A. 1,199,408 prospective particles were picked, which following manual inspection was reduced to

387,027. Prospective particles were then extracted to 640 pixels and down sampled to 160 pixels. Extracted
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regions were classified into 50 classes using default parameters, and 11 classes representing 64,362
particles were selected for further processing. These particles were sorted into 3 asymmetric ab-initio class
averages, which were then re-sorted using Heterogeneous Refinement with “Force hard classification” set
to True. These volumes were used as the input volumes for another round of asymmetric 3-volume
Heterogeneous Refinement using a different particle set. That set was derived by using the best 4 classes
of the 11 selected classes as templates for Template Picking with a diameter of 300 A. Approved inspected

picks were extracted to 640 pixels without down sampling.

The 58,139 particles that were sorted into the highest resolution volume were homogeneously refined using
that volume and default parameters. This yielded an asymmetric volume with a global GSFSC of 7.37 A,
which was then non-uniformly refined using default parameters to a volume of 6.05 A using the same
particles. The handed-ness of the volume was observed to be inverted, so a Volume Tools job was used
to z-flip the map, then another Non-uniform Refinement was run with “Minimize over per-particle scale” set
to true, which yielded a global GSFSC of 5.97 A. Once again, no symmetry breaking features were
observed, so the volume and particles were once again refined using Non-uniform Refinement and
Minimize over per-particle scale, however this time octahedral symmetry was enforced and a global GSFSC
of 4.31 A was derived. To prepare for symmetry expansion, a Volume Align Tools job was run with
octahedral symmetry and symmetry alignment set to true to ensure the volume was perfectly centered.
Then, the particles were symmetry expanded with octahedral symmetry selected yielding an expanded
particle count of 1,395,336 particle-permutations. A mask surrounding one TM-domain containing tetramer
was generated and imported as a mask and processed to have a 6-pixel dilation radius and a 24-pixel soft
padding. A Volume Alignment Tools job was used to center the data to the mask’s center of mass, and then
a Local Refinement was run which output an estimated GSFSC of 4.07 A, but significantly improved map

quality of the TM-domain containing component.
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Cryo-EM model building for O43-TM

First, the local refinement map was fit to the density of the global refinement, and resampled to the grid of
the global refinement. Then, the design model was relaxed into the best global volume map using ISOLDE
in ChimeraX with the temperature of the simulation set to 1 K®-°, Secondary structure was repositioned
as needed to eliminate most deviations between the secondary structure of the model and the secondary
structure that could be observed in the global refinement map. Once the volume was observed to be
adequately in density, manual refinement began. To refine the soluble component, one subunit was chosen
and manually fit to the global density in Coot. The 043-A was manually fit the same way, using the local
refinement map in Coot and the global refinement map in regions where it was well resolved. Once the two
components were satisfactorily refined, the model was brought back into ChimeraX where all unrefined
subunits were deleted and then regenerated in updated positions by using symmetry operators to clone the
manually refined subunits in an octahedral pattern®”¢8, The model was then brought into Phenix where Real
Space Refinement was run relative to the global refinement map using zero macrocycles™. The output of
that refinement was brought into ISOLDE where it was once again relaxed into the global density with the
temperature set to 0 K and the map weight was reduced from 0.14 to 0.10. lteratively, the model was
processed using this Coot, then Phenix, then ISOLDE pattern with periodic Comprehensive Validation jobs
run in Phenix until the model was acceptable®®-"%, Each time the model was inspected in Coot, residues
that were determined to lack supporting density were trimmed to their C@ carbons. Then the model and the
global refinement were submitted to the wwPDB validation service to provide an additional metric of model

quality.
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Chapter 4: Identification of a protein contaminant using Cryo-EM and artificial intelligence to

improve sample purification

Adapted from
Carr, K. D. et al. Protein identification using Cryo-EM and artificial intelligence guides improved

sample purification. J. Struct. Biol. X 11, 100120 (2025).

Background

Understanding the details of a complex system is crucial when designing an experimental protocol,
especially in the context of protein purification — a process fundamental to various scientific disciplines.
The significance of protein purification lies in its ability to isolate recombinant proteins for downstream high-
resolution structure determination, exploration of biochemical mechanisms, development of novel
therapeutics, and the characterization of computationally designed proteins with specific functions. Despite
their widespread use, protein purification protocols still face challenges, such as the co-purification of
contaminant proteins from unknown origins”. This is particularly problematic in computational protein
design, where it is often unclear whether these unknown co-purifying proteins represent off-target design

states, cross-sample contamination, or naturally occurring proteins originating from the expression host.

During the characterization of the O43-TM nanoparticle we observed protein contamination throughout our
attempts to characterize the nanoparticle. Upon initial purification attempts, we observed an unidentified
protein co-eluting with our target nanoparticle, which was also found in several unrelated designed protein
samples. To identify the protein, we employed a combination of Cryo-EM Single Particle Analysis (SPA),
ModelAngelo, and the Protein Basic Local Alignment Search Tool (Protein BLAST). SPA is a technique that
involves imaging thousands of individual biomolecules, then aligning and averaging their 2D projections to
reconstruct a high-resolution 3D structure”™ 74, ModelAngelo, a machine-learning tool, automates atomic
model building and aids in protein identification by analyzing sequence fragments from Cryo-EM 3D

structure information’. ModelAngelo's ability to automatically build into Cryo-EM density maps in a

51


https://paperpile.com/c/07yZLo/HQ2b
https://paperpile.com/c/07yZLo/q96r+lfaI
https://paperpile.com/c/07yZLo/gOFwt

sequence-agnostic manner makes it particularly well-suited for the identification of unknown proteins in
complex samples where manual methods would be time-consuming or prone to errors’®. Protein BLAST is
a publicly available tool which allows users to reference protein sequences against a sequence database
to find similar proteins’®. By leveraging these tools, as well as orthogonal data from the Protein Data Bank
(PDB), AlphaFold 3 (AF3), and a Western Blot, we successfully identified the contaminant protein in our
sample”” 8. This unambiguous identification allowed us to rationally refine our purification protocol to

eliminate the contaminant from future preparations.

Results

Observation of an unknown co-eluting protein contaminant during electron microscopy

During the assembly and purification of the full transmembrane nanoparticle O43-TM, we discovered that
a significant portion of the purified sample consisted of a smaller, unidentified protein complex, which also
exhibited octahedral symmetry, as revealed by ns-EM (Figure 6). This smaller complex was also observed
in various unrelated samples from the same laboratory, including samples of de novo designed fibrous
proteins, cyclic oligomers, and two distinct icosahedral nanoparticles (Supplemental Figure 8A-D). In each
of these other instances, the unknown protein was low in concentration relative to the designed protein,
and thus could be largely ignored during downstream characterization and analysis. However, for the O43-
TM nanoparticle the contaminant constituted the majority of the purified protein mass (Figure 6A-D,
Supplemental Table 2). This high level of contamination greatly hindered our ability to accurately assemble
and characterize the designed nanopatrticle in the quantity and purity necessary for effective downstream
biochemical, biophysical, structural, and functional applications. To improve the purification of this two-

component nanoparticle, identifying the contaminating protein and its source became essential.

The intended designed two-component nanoparticle, O43-TM, had a predicted mass of 1.18 MDa, a
diameter of 29.2 nm, and required the presence of detergent for solubilization and purification. Our
nanoparticle preparation protocol necessitated that the two protein components first be purified

independently via immobilized metal-affinity chromatography (IMAC). The purified components were
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initially characterized via SDS-PAGE before being combined to form the desired two-component
nanoparticle assembly. This assembly was then purified using SEC, resulting in a final estimated total

protein yield of 97 ug (Supplemental Table 2).

The SEC trace of the putatively purified O43-TM contained one relevant high molecular weight (MW) peak
which eluted off the column between 10 mL and 15 mL, corresponding to a particle size greater than the
660 kDa MW standard for this column (Figure 6B). The SEC peak was analyzed using DLS to estimate
the diameter of the purified nanoparticle fraction. To account for the presence of detergent micelles in the
purification buffers, we performed DLS on the detergent-containing buffer used for SEC purification as a
control, alongside the protein-containing peak isolated from SEC (Figure 6C). The DLS results showed
three peaks with average diameters of 6.30 nm, 30.9 nm, and 223 nm. The smallest (6.30 nm) peak was
identified as containing detergent micelles, consistent with the DLS profile of the control. The central peak
(30.9 nm) was identified as likely being the designed O43-TM nanoparticle, while the largest peak (223 nm)
corresponded to protein and micellar aggregation (Figure 6C). Nanopatrticle structural characterization by
liquid chromatography mass spectrometry (LCMS) was attempted, but results for the protein sample were
difficult to interpret (see Discussion). ns-EM analysis of the SEC-purified sample revealed the presence of
two distinct nanoparticles with diameters (measured diagonally across the 4-fold axis) of approximately 18
- 20 nm and 25 - 30 nm (Figure 6D). The larger particle exhibited the predicted diameter and morphology
for the on-target O43-TM nanoparticle, with spike-like proteins extending from an underlying octahedral
nanoparticle scaffold (Figure 6E). However, the predominant species observed by ns-EM was a smaller,
cube-like particle lacking the distinctive spiked features of our intended design (Figure 6E-F). As a result,
the actual yield of O43-TM was estimated at approximately 3.79 ug from a total of 97 ug of protein purified
via SEC (Supplemental Table 2). Furthermore, subsequent ns-EM 3D refinements produced a map of this
smaller nanoparticle that revealed an octahedral assembly profile which deviated significantly from our

intended design (Figure 6F).
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Given the prevalence of the smaller octahedral complex compared to O43-TM, and its unexpected
presence across multiple unrelated samples in the lab, we turned to Cryo-EM SPA to investigate whether
this complex might be another designed octahedral nanoparticle assembly, potentially resulting from cross-
contamination due to the shared use of purification equipment. Following Cryo-EM data collection, initial
2D class averages of the smaller nanoparticle revealed clearly defined secondary structural elements
(Figure 6G, Supplemental Figure 9A). Subsequent 3D refinement yielded a final map with a global
resolution of 2.51 A, with the local resolution ranging from 2.88 A at the periphery to 2.44 A in the protein
core (Figure 6H, Supplemental Figure 9B-D, Supplemental Table 3). However, despite the high
resolution of the map, the identity of the co-eluting nanoparticle remained unclear in the absence of known

sequence or structural information.
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Figure 6: Characterization of an unknown co-eluting protein via electron microscopy.

(A) SDS-PAGE of the IMAC eluate for the two designed protein components (043-A and O43-B) prior to
mixing for assembly into the target designed octahedral nanoparticle (O43-TM). There is a clearly defined
band in lane 1 for the one of the two components, O43-A, of the designed nanoparticle. The second
component O43-B, shown in lane 2, is present in lower amounts and is less pure. (B) SEC trace of the
assembled nanoparticle. The peak corresponding to the nanoparticle is highlighted in stripes to represent
the co-elution of the contaminant with O43-TM. (C) DLS trace of the SEC-purified sample highlighted in
stripes to represent the contaminant and O43-TM diameters are not separated efficiently by DLS. The buffer
(dotted line) was run as a control and contains detergent micelles found at 6.30 nm in diameter. (D) A
portion of a ns-EM micrograph of the heterogeneous sample. The pink box represents O43-TM and the
blue box represents the contaminant nanoparticle. (E) 2D ns-EM class averages of O43-TM and
contaminant nanoparticle species. A total of 1,131 O43-TM nanoparticles were processed and are

represented here by two 2D class averages. 30,927 particles were processed for the contaminant species
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and are represented here by six 2D class averages. Corresponding particle numbers are reflective of all
particles of each species in the dataset, not only those of the displayed classes. (F) 3D ns-EM map along
the 2-, 3-, and 4-fold axes of symmetry of the contaminant nanopatrticle generated using CryoSPARC v4.4.
(G) 2D Cryo-EM class averages and (H) 3D Cryo-EM reconstruction viewed along the 2, 3, and 4-fold axes
of symmetry of the contaminant nanoparticle using CryoSPARC v4.5. (Blue = contaminant protein; Pink =

043-TM nanopatrticle).

ModelAngelo structure-to-sequence identification of the contaminant protein

To identify the unknown nanoparticle in the absence of a corresponding amino acid sequence or prior
structural information, we turned to the automated model-building software ModelAngelo (Figure 7A)™.
ModelAngelo’s primary mode uses deep learning to integrate available structural data and supplied
sequence information to automatically build atomic models into Cryo-EM density maps’®. It can alternatively
operate in a sequence-agnostic manner, automatically generating and building polypeptide sequence
fragments into well-resolved regions of Cryo-EM density maps when sequence information is unavailable.
Running ModelAngelo in this manner on the 2.51 A Cryo-EM map of the contaminant protein generated 92
all-atom sequence fragments of varying lengths, along with secondary structure predictions that were in
strong agreement with the density of the unknown nanoparticle (Figure 7B). We aligned these output chain-
fragments using ClustalOmega to generate a multiple sequence alignment which was then input into
WebLogo, which produced a frequency plot displaying the relative abundance of amino acids at each
position (Supplemental Figure 10A)"°. From this frequency plot we constructed a consensus sequence
using the most prevalent amino acid at each position (Supplemental Figure 10B). This consensus
sequence was input into Protein BLAST, which returned a list of potential matches for the unknown protein
contaminant’®. Remarkably, 98 of the top 100 Protein BLAST results identified dihydrolipoamide
succinyltransferase (DLST) (Supplemental Table 4). DLST is an octahedral subunit of the E2 component
of the a-ketoglutarate dehydrogenase complex (KGDHC), which plays a pivotal role in the tricarboxylic acid

(TCA) cycle, converting a-ketoglutarate to succinyl-Coenzyme A and reducing nicotinamide adenine
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dinucleotide®®-82, The complex has three structured domains linked together by a chain of unstructured
residues, with the C-terminal domain being the catalytic domain where multiple DLST subunits interact to
form the full 24-subunit assembly®2. Notably, DLST has previously been observed as a contaminant protein
in samples purified from E. coli expression systems’?. Following the Protein BLAST result, a pairwise
sequence alignment using EMBOSS Needle between the Uniprot sequence AOA140NDX4 of DLST from
E. coli BL21 (DE3) and the ModelAngelo-derived consensus sequence was performed’®®3. This pairwise
sequence alignment excluded the first 170 residues of DLST that were unresolved in our Cryo-EM map.
The alignment revealed 60.3% identity and 69.3% similarity, a strong indicator that the observed

contaminant was DLST (Supplemental Figure 10C)®,

To further validate the identity of the unknown protein as DLST, we next compared our Cryo-EM density
map with previously published structures of the DLST catalytic domain, as well as AlphaFold 3 predicted
structures of the UniProt DLST sequence (Figure 7C-D)76788%, The highest resolution structure of DLST in
the PDB (1SCZ; X-ray Crystallography; 2.20 A) was selected for comparison and revealed significant
agreement in secondary structure positions when docked into the Cryo-EM map (Figure 7C)84. Similarly,
AlphaFold 3 (AF3) predictions using the catalytic domain of the AOA140NDX4 UniProt sequence also
showed high agreement with our Cryo-EM map (Figure 7D)"883. A Western Blot was finally performed on
all fractions collected during IMAC purification in an attempt to biochemically confirm that the contaminate
was DLST (Supplemental Figure 11, Supplemental Table 5). Consistent with computational predictions,
the anti-DLST Western blot revealed a prominent band near 50 kDa in the IMAC eluate, corresponding to
the expected mass of a single DLST subunit (Supplemental Figure 11). Together, the computational and

experimental results unambiguously confirmed the identity of the co-eluting octahedral protein as DLST.

To generate our final DLST catalytic domain model, the DLST sequence derived from E. coli BL21(DE3)
was used as the input for another round of automated model building, this time utilizing the sequence-
guided feature in ModelAngelo with the UniProt sequence for DLST (Figure 7A)">83, The output from

ModelAngelo was then further refined to produce the final model of the DLST catalytic domain

57


https://paperpile.com/c/07yZLo/DfHk+COWy+XZ46
https://paperpile.com/c/07yZLo/XZ46
https://paperpile.com/c/07yZLo/HQ2b
https://paperpile.com/c/07yZLo/u2mCI+Hr7Wm
https://paperpile.com/c/07yZLo/Hr7Wm
https://paperpile.com/c/07yZLo/u2mCI+Hr7Wm+qFa58
https://paperpile.com/c/07yZLo/TLr9L
https://paperpile.com/c/07yZLo/Hr7Wm+qFa58
https://paperpile.com/c/07yZLo/gOFwt+Hr7Wm

(Supplemental Figure 14). Aligning this final model to both the 1SCZ monomer and AF3 outputs revealed

RMSD values of 0.51 A and 0.52 A, respectively (Figure 7E-F).
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Figure 7: Structure-to-sequence workflow for the unambiguous identification of DLST.

(A) An overview of the 10-step sequence-to-structure workflow used to identify DLST and build our atomic
model used for structural analysis. (B) The sequence-agnostic ModelAngelo output using the 2.51 A Cryo-
EM map for the contaminant protein. Chains between 1 to 10 residues (pink), 11 to 100 residues (yellow),
and longer than 100 residues (blue) are displayed in sphere view along the octahedral 3-fold axis of
symmetry. An accompanying pie chart displays the percentage of all residues belonging to chains of those
length ranges. (C-D) Published DLST crystal structure PDB:1SCZ (C) and AlphaFold 3 prediction model of
DLST UniProt sequence AOA140NDX4 (D) each docked into the Cryo-EM density map of the unknown co-
eluting protein. (E-F) A single subunit of our Cryo-EM model aligned to 1SCZ (RMSD 0.512 A) (E) and the

AlphaFold 3 model (RMSD 0.518 A) (F).
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Revised purification methods increased purity of a de novo two component protein nanoparticle

Following the identification of the contaminant protein as DLST, we turned to the literature to explore
potential strategies to exclude it from our future purifications. While previous studies noted DLST’s co-
purification during IMAC of many proteins, none offered a rationale for its co-elution, nor did any outline an
effective protocol to eliminate it from the purification pipeline’. In an effort to determine the underlying
reason for DLST’s co-elution with multiple de novo protein samples, we first conducted a detailed analysis
of its surface properties. Given the use of IMAC to purify our Histidine-tagged designed 043-TM
nanoparticle, we initially hypothesized that the surface histidine content of DLST might contribute to its
binding during the IMAC purification process. Clusters of surface-exposed histidine residues could
potentially interact with the nickel chelating resin in a manner similar to histidine tags on recombinant
proteins, leading to its unintended co-purification®®8¢, However, previous reports analyzing the surface
histidine content of the DLST did not find any large histidine patches to support this as a potential
mechanism for co-elution from IMAC columns”. Despite the known lack of histidine clusters, we considered
that non-specific interactions between single histidines on the surface of DLST may have interacted with
the IMAC column (Supplemental Figure 12A). To test this, we applied an elution gradient ranging from 0
M to 0.5 M imidazole during IMAC purification, aiming to isolate the individual protein components and
reduce DLST’s hypothesized weak binding to the resin. However, DLST was still detected in ns-EM
samples after purification (Supplemental Figure 12B-C). Furthermore, in samples purified with an
imidazole gradient, few to no on-target two-component nanoparticle assemblies were observed

(Supplemental Figure 12C, Supplemental Table 2).

Given the numerous charged patches on the surface of DLST, we next tested the adjustment of sodium
chloride (NaCl) concentrations in our buffers during cell lysis and IMAC purification to determine if increased
ionic levels would selectively disrupt any non-specific ionic interactions occurring between DLST and the

IMAC column (Supplemental Figure 12D)%. After separately purifying each protein component using
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IMAC with high salt buffers, followed by SEC purification of the nanoparticle, no DLST particles were
detected in the sample by ns-EM (Supplemental Figure 12E-F). However, while the higher NaCl
concentrations eliminated DLST, it also significantly reduced the total yield of assembled 043-TM

nanoparticles (Supplemental Figure 12F, Supplemental Table 2).

To exclude DLST while also preserving or improving the concentration of the O43-TM nanoparticle, we next
tested whether non-specific interactions between DLST and the on-target designed two-component
nanoparticle were potentially occurring throughout purification. To do so, we opted to include excipients to
all of our purification buffers —a common technique for purification of recombinant proteins to enhance yield
and reduce protein aggregation®-%0. In particular, amino acids such as glycine, threonine, arginine,
glutamate, and histidine, have been successfully used as excipients to reduce non-specific protein-protein
interactions, flocculation, and protein aggregation®”°°. They have also been shown to enhance protein

stability in solution, particularly when working with computationally designed protein nanoparticles®.

100 mM glycine and 100 mM arginine were added to all purification buffers to mitigate potential off-target
interactions between our nanoparticle and DLST, which resulted in the near-complete removal of DLST in
all ns-EM micrographs of these purified samples (Figure 8A). Strikingly, this approach significantly
improved the final yield of our two-component nanoparticle assembly to an estimated 220 g of total protein
(Supplemental Table 2). ns-EM 2D class averages of over 70,000 particles revealed that the designed
two-component nanoparticle now became the overwhelmingly dominant species, making up 99.5% of
extracted particles—a nearly 58-fold increase in on-target purified protein yield with excipients used
throughout purification (Figure 8B-C, Supplemental Table 2). In contrast, under standard purification
conditions without excipients, the target nanoparticle accounted for only 3.53% of extracted particles
(Figure 8B-C, Supplemental Table 2). Western Blot analyses comparing the purification of protein
components with and without the use of excipients also indicated the near-complete removal from DLST in
samples purified using 100 mM glycine and 100 mM arginine (Figure 8D, Supplemental Figure 11). To

our knowledge, this is the first reported method for effectively removing DLST as a co-purifying protein
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contaminant during recombinant protein production from E. coli - a challenge that, if left unaddressed, could
potentially hinder accurate downstream characterization of many natural and designed protein systems.
This result underscores the crucial role excipients played in eliminating DLST from our purification process

while significantly improving the overall yield of the O43-TM nanoparticle.
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Figure 8: Modifications to the protein purification protocol result in an increased sample purity.

(A) Representative ns-EM micrograph utilizing the optimized purification protocol. (B) Corresponding 2D
ns-EM class averages of the 0O43-TM nanoparticle and DLST, with corresponding particle numbers listed
for each. (C) Pie charts comparing the relative abundance of O43-TM against DLST as processed using
the original purification protocol and the improved purification protocol. (Blue = contaminant protein, DLST;
Pink = 043-TM). (D) Cropped anti-DLST Western Blot. IMAC soluble (S), flowthrough (FT), wash (W) and
elution (E) fractions were run on SDS-PAGE followed by Western Blot. The LiCor Chameleon® 700 Pre-
stained Protein Ladder (L) was used. Blue labels arrows indicate the molecular weight of a single subunit
of DLST. A full annotated Western Blot as well as the accompanying SDS-PAGE gel can be referenced in

Supplemental Figure 11 and Supplemental Table 5.
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Effect of Cryo-EM resolution on accurate DLST identification and potential broader applicability

Following our successful exclusion of DLST, we aimed to explore the potential broader applicability of this
ModelAngelo-to-BLAST identification approach, particularly under conditions where generating near-
atomic resolution Cryo-EM data might not be feasible. Establishing the effectiveness of this workflow across
a range of resolutions would increase its utility for various experimental setups, including those that often
struggle to achieve high resolution. Specifically, we evaluated the ability of the pipeline to accurately identify
DLST using Cryo-EM data spanning a broad resolution range by low-pass filtering the original 2.51 A Cryo-
EM map to resolutions between 3.00 A and 9.00 A, which were then used as inputs for the ModelAngelo-
to-BLAST pipeline (Figure 9A, Supplemental Figure 13). The average length of the sequence fragments
generated by ModelAngelo was inversely proportional to the map resolution, with lower resolution input
maps yielding shorter length chain fragments (Figure 9B, Supplemental Table 6-7). Following analysis of
Protein BLAST results generated using the consensus sequences, the proportion of the top 100 results
corresponding to DLST was plotted against their associated 3D map resolution values (Figure 9C,
Supplemental Sequences 4, Supplemental Tables 8-13)76. This analysis revealed that at resolution
thresholds of 3.00 A, 4.00 A, 4.50 A, and 4.75 A, Protein BLAST accurately identified DLST as the most
likely identity of the unknown protein in 99%, 99%, 98%, 95%, and 97% of cases, respectively (Figure 9C).
However, at 5.00 A and at all lower resolutions, the consensus sequences did not yield any significant
Protein BLAST results, indicating a lack of detectable sequence similarity among known proteins for

sequence fragments generated by ModelAngelo at these resolutions (Figure 9C).

In addition to conducting Protein BLAST searches on consensus sequences, we also evaluated the ability
of three other structure-agnostic approaches to identify DLST. These included the hmmsearch function built
into ModelAngelo, external hmmsearch queries based on HMM profiles of the ten longest chains generated
by ModelAngelo, and Protein BLAST searches using the same ten chains of each model 7°. For resolutions
better than 4.50 A, three of the four methods demonstrated high identification rates: hmmsearch within
ModelAngelo, hmmsearch using the 10 longest chains, and Protein BLAST queries on the 10 longest
chains. The latter two methods performed exceptionally well, achieving nearly 100% success rates (Figure

9C). The hmmsearch function within ModelAngelo, however, exhibited a lower identification rate (~70%)
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within this range (Figure 9C). At lower resolutions, the performance of all methods declined, with external
hmmsearch and Protein BLAST correctly identifying DLST as the contaminant in fewer than 20% of cases
by 6.00 A (Figure 9C). The hmmsearch function within ModelAngelo maintained a higher identification rate
(~50%) at resolutions as low as 6.50 A, outperforming the other methods in this range (Figure 9C).
Ultimately, none of the tested methods were successful at identifying DLST at resolutions worse than 6.50
A (Figure 9C). These findings suggest that combining methods can optimize the identification of unknown
proteins in Cryo-EM samples, with the choice of method tailored to the resolution of the starting structure.
The flexibility of these four methods across a wide resolution range underscores their broad applicability in
addressing diverse biological and experimental challenges in protein identification, even when near-atomic

resolution cryo-EM data is unavailable.

63



A 4.00A ‘ 425A 475A

B Percent of total residues on chains of a given length

100 —

—@— Protein BLAST (consensus sequence)
—— hmmsearch (ModelAngelo)

—{li— Protein BLAST (longest 10 chains)
—&— hmmsearch (longest 10 chains)

75 —

—@— 101+ residues
11 - 100 residues
—@— 1- 10 residues

50 — 50 —

Percent of total residues
Percent Match

25 —

| | T
s 8 8888388388318 8 8 5 8 8RBrLS88B31L3831L8 8 8
o~ o« T T TODODODW OO OO~ © o o~ (] T TODOLDOL OO OO~ © @
Map Resolution (A} Map Resolution (A

Figure 9: Impact of Cryo-EM resolution and search method on accurate DLST identification.

The final Cryo-EM map was low-pass filtered to 3.00 A, 8.00 A, 9.00 A, and each 0.25 A interval between
4.00 A and 7.00 A. Each map was used as the input for the computational steps of our workflow, comparing
the efficacy of three identification approaches: Protein Blast using a consensus sequence, Protein BLAST
using the longest 10 chains, and hmmsearch using HMM profiles generated by ModelAngelo for the longest
10 chains. Chains with 1-10 residues are shown in pink, 11-100 residues in yellow, and chains longer than
100 residues in blue. (A) Low-pass filtered Cryo-EM maps and models between 4.00 A and 6.75 A.
Additional maps and models spanning a broader resolution range can be found in Supplemental Figure
13. (B) Line graph illustrating the percentage of residues organized by chain length for each generated
model. Raw data used for the line graph can be found in Supplemental Table 6. (C) Line graph comparing
the efficacy of the four identification methods across resolutions. Each data point represents the average
percent identification accuracy for DLST using the specified method, with error bars representing the 95%

confidence interval for methods which had more than one data point per resolution. Asterisks (*) represent
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the lowest resolution data that returned any results for that search method. A dashed line marks the range
between 6.50 A and 7.00 A on the hmmsearch (ModelAngelo) data to communicate that no results were

returned for that method at 6.75 A and consequently 6.50 A is the lowest resolution that was able to achieve

a non-zero score for that method.
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Discussion

Addressing the challenge of co-eluting protein contaminants during protein purification is essential for the
production and accurate experimental characterization of recombinant proteins. In the case of the
purification of O43-TM discussed here, the presence of a co-purifying protein artificially inflated the
estimated concentration of the designed components required for nanoparticle assembly, leading to
inconsistent assembly conditions and inaccurate estimations of the final O43-TM nanoparticle
concentration (Figure 6, Supplemental Table 2). Thus, it became necessary to identify and exclude this
protein from our purifications so that we could more effectively produce and characterize our on-target
design. By using the ModelAngelo-to-BLAST pipeline and cross-referencing our Cryo-EM data with
experimentally determined PDB structures, AlphaFold 3 predictions, and traditional biochemical analysis,
we unambiguously identified the co-purifying protein as DLST and optimized our purification protocols to

eliminate it.

Before obtaining secondary structure information from Cryo-EM and implementing the ModelAngelo-to-
BLAST pipeline, we hypothesized that the co-eluting protein might be the result of cross-sample
contamination from another computationally designed protein purification. During our investigation, we
explored several alternative methods for determining the identity of the unknown protein. One study utilizing
Cryo-EM had successfully identified a number of unknown proteins found in native cell extracts utilizing the
software package Omokage®:. However, this approach requires existing structural information to
confidently identify the unknown protein species®92. Furthermore, a retrospective analysis of our data
revealed that Omokage misidentified the contaminant protein in most cases, proposing potential
identifications that included both computationally designed and natural proteins, though DLST also
appeared among these candidates. These misidentifications underscore the lower success rate of this

approach compared to the more accurate sequence-based methods benchmarked in this study.
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We also considered traditional experimental methods for our initial identification of the contaminant, such
as liquid chromatography-tandem mass spectrometry (LC-MS/MS) and electrospray ionization mass
spectrometry (ESI-MS). While these techniques are highly valuable, they posed significant anticipated
challenges for our system, primarily due to our reliance on detergents to stabilize our O43-TM nanopatrticle.
Indeed, detergents are well-known to complicate mass spectrometry workflows and the interpretation of
final data, adding significant complexity to an already complicated purification process®. Unlike the
Omokage and mass spectrometry methods, the ModelAngelo-to-BLAST pipeline did not rely on prior PDB
structural information, and enabled us to accurately identify the contaminant using only our experimental
Cryo-EM data and publicly available sequence databases. Further validation using AlphaFold 3 models
was as robust as PDB models during docking into the Cryo-EM density map, demonstrating that
ModelAngelo-to-BLAST identifications can be verified even without the availability of pre-existing PDB
information or manual building”92. Additionally, while Western Blotting was used to biochemically confirm
the computational predictions, its success was heavily contingent upon the computational results correctly
guiding the selection of the appropriate primary antibody. Thus, the Western blot served primarily as a

validation tool, reinforcing the reliability of the computational pipeline used here.

An advantage of this computational approach to contaminant identification is its flexibility across a wide
range of resolutions. While we initially relied on a near-atomic resolution Cryo-EM map for the ModelAngelo-
to-BLAST pipeline, we found that significantly lower resolutions were still sufficient to accurately identify
DLST in our sample, consistent with previous benchmarking results for ModelAngelo (Figure 9C,
Supplemental Table 4). This robustness across resolutions highlights the adaptability of the pipeline,
making it particularly valuable for experimental setups where achieving near-atomic resolution data is not

feasible due to sample heterogeneity, limited imaging time, or other technical constraints.

Our analysis further revealed that a tailored combination of methods provided the highest level of

confidence across varying resolutions. Notably, Protein BLAST using consensus sequences excelled at
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resolutions better than 5.00 A for correctly identifying DLST. In contrast, the hmmsearch function within
ModelAngelo was most reliable within the 5.00 A to 6.50 A resolution range, but somewhat unexpectedly,
showed reduced reliability at higher resolutions. This diminished performance was due to the hmmsearch
function frequently misidentifying the contaminant as dihydrolipoamide acetyltransferase (DLAT) at
resolutions between 2.50 A and 5.0 A. This issue highlighted the importance of leveraging multiple
complementary approaches, as each method demonstrated strengths and weaknesses for this sample
depending on the resolution range. Notably, methods that analyzed the longest chains of each DLST
model—either through Protein BLAST or hmmsearch—offered minimal to no additional practical benefit
across any resolution range compared to the other two approaches, while also requiring significantly more

time and effort to prepare.

The ability of these pipelines to function effectively across such a broad range of resolutions demonstrates
their potential as practical tools for addressing contaminant identification challenges. This is particularly
relevant for diagnosing sample purity issues in non-routine purifications or experimental scenarios where
cryo-EM data collection is feasible or preferred for biochemical or experimental reasons, yet achieving near-

atomic resolution may not be practical.

Regarding the high-resolution Cryo-EM structure of the DLST catalytic domain determined in this study, we
note that minimal differences were observed between our structure and other previously reported
crystallographic and Cryo-EM structures of the DLST catalytic domain (Supplemental Figure 14). The
resolution we achieved for DLST using octahedral refinement allowed for the clear construction of a detailed
intramolecular water network, which was particularly well-resolved at the catalytic pocket (Supplemental
Figure 14A-D). Comparison of this water network with the highest resolution published structure revealed
key differences in the assignment of H>O atomic coordinates (Supplemental Figure 14E-F)84. These
differences may reflect differences in the protein crystallization conditions versus the native-like

environment of Cryo-EM sample preparation, potentially offering valuable insights for future studies aimed

68


https://paperpile.com/c/07yZLo/TLr9L

at understanding this enzyme's mechanistic activity. Additionally, asymmetric data processing of DLST
reduced both local and global resolution of the catalytic domain but uncovered an intriguing, previously
unobserved segment of density along one of the 4-fold axes of DLST (Supplemental Figure 15). This
unidentified density, which globally resolves to between 5.50 A and 8.50 A, measures approximately 20 A
along its longest axis, and is positioned proximally to DLST residues E224, 1229, R230, K299, V303, R306,
and D307 (Supplemental Figure 15). Notably, the portion of this density that resolves to better than 6.50
A—the lowest resolution threshold at which we identified DLST (a significantly larger protein)—is extremely
small. This limited resolution poses challenges to its identification, with further attempts to characterize this
density falling beyond the scope of this study. Despite this, we believe these findings are important and
provide a foundation for future studies aimed at elucidating the structure, dynamics, and function of this

enzyme in greater detail.

Ultimately, by leveraging advanced tools such as Cryo-EM, ModelAngelo, Protein BLAST, the PDB, and
AlphaFold 3, we transformed a challenging purification problem into an opportunity to refine our techniques
and enhance the quality of our results. This integrated approach underscores the potential of combining
Cryo-EM with emerging Al and sequence-based tools as robust alternatives for tackling long-standing
biochemical challenges—particularly in purifying proteins from complex biological systems, even when

near-atomic resolution data cannot be achieved.
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Supplemental Data

A Cyclic Oligomer

Icosahedral Nanoparticle B

1000 A -

Supplemental Figure 8: Octahedral contaminant protein observed in additional de novo protein

samples by negative stain electron microscopy.

Sections of representative ns-EM micrographs demonstrating observation of the octahedral contaminant
protein in multiple samples of de novo designed proteins imaged at various magnifications, with 1000 A
scale bars sized proportionally. (A) A sample of a de novo cyclic-oligomeric protein imaged at 45,000x
magnification. (B) A sample of a de novo protein fiber imaged at 57,000x magnification. (C) A sample of an
icosahedral nanoparticle imaged at 57,000x magnification. (D) A sample of a different de novo icosahedral

nanoparticle imaged at 73,000x magnification.
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A Denoised CryoEM Micrograph
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Supplemental Figure 9: Cryo-EM Data processing metrics.

(A) Denoised representative Cryo-EM micrograph at 105,000x magnification showing particles of both the
designed two-component nanoparticle and DLST. (Blue = contaminant protein; Pink = on-target designed
two-component nanopatrticle). (B) Fourier shell correlation (FSC) plot of the Cryo-EM map. (C) View angle
distribution plot of the Cryo-EM map. (D) Local resolution estimate of the Cryo-EM map with a 0.143 FSC

cutoff. Colors range from blue at 2.00 A to red at 3.00 A.
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A Frequency Plot
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B Consensus Sequence

AESFEERFG| ELGFRSFYVKATVEALKBYPEVNAS |DGATVVYETYFDVS

VYFTYFSVSRSVESPSG

C Pairwise Sequence Alignment

001 GGGGATERVPMTRTEEEEASELLEAENSTSKLVTFNEVNMKPIQDLREKYAESFEERFGIELGFRS FYVKATVEALKRYPEVNASIDGATVVYFTYFDVS 100

------- N e NN NN e N e N e N N NN NNy ey
171 LAARSEKRVPMTRLRKRVAERLLEAKNSTAMLTTFNEVNMKPIMDLRKQYGEAFEKRHGIRLGFMSFYVKAVVEALKRYPEVNASIDGDDVVYHNYFDVS 270

101 RSVESPPSSGVVTPVLRECSDLGQASIEKQIKELAVQGKAGNLTSSDLSGGTFCITLGGTFGSLESVPIIDVPQKSAILGMYAIEDRPSQNAVDGEVNIK 200

A e N N N N N e N e A NN N e N N N e A A R
271 MAVSTP- -RGLVTPVLROVDTLGMADIEKKIKELAVKGRDGKLTVEDLTGGNFTITNGGVFGSLMSTPTINPPQ - SATLGMHATKDRPM- - AVNGQVEIL 365

201 PIQYLSEKYAEALSYDFRLITGRESVGFLITIKELLEDPTRLELFVGGTVVYFTYFSVSRSVESPSG 267  Identity: 161/267 (60.3%)

[:.]] FELLEEET- LT EELEEEET L1 Similarity: 185/267 (69.3%)
366 PMMYL------ ALSYDHRLIDGRESVGFLVTIKELLEDPTRLLLDV- - -« - == =cnmnmnnnnn 405  Gaps: 32/267 (12.0%)

D DLST Final Model

Supplemental Figure 10: Sequences derived from ModelAngelo’s sequence-agnostic method used

to identify and model DLST from the Cryo-EM volume map.

(A) ModelAngelo sequence fragments were aligned in an MSA to generate a frequency plot displaying
relative abundance of amino acids at each position. (B) A consensus sequence for one chain was generated

using amino acid frequency data from (A) at each position. This consensus sequence was the input for
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Protein BLAST’5. (C) After Protein BLAST identified DLST, UniProt was searched for the corresponding
DLST sequence for the BL21 (DE3) expression vector. The UniProt sequence AOA140NDX4 was aligned
with the consensus sequence®. The first alignment revealed a gap spanning the first 170 residues of the
UniProt sequence so an additional alignment was performed using only the UniProt residues at position
171 or later. (D) The final built model of the DLST catalytic domain docked into the 2.51 A density map

along the 2-, 3-, and 4-fold axes of symmetry.
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Supplemental Figure 11: Full SDS-PAGE and Western Blot of improved purification of the designed

two-component nanoparticle purified with and without excipients.

Labels for individual lanes are located in Supplemental Table 5. (A-B) Annotated and Unannotated SDS-
PAGE of IMAC purification of each component of the designed two-component nanoparticle. Both protein
components of the designed nanoparticle fall between 25.7 kDa and 23.2 kDa and are generally
represented by the pink boxes. The DLST catalytic subunit is labeled around 50 kDa by the blue boxes. (C-

D) Annotated and unannotated anti-DLST Western Blot from the SDS-PAGE gel transfer.
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Supplemental Figure 12: Improving purification of the designed nanoparticle through modification
of purification protocols to remove DLST.

Various purification attempts of the on-target nanoparticle were conducted, evaluating buffer conditions to
eliminate the co-purification of DLST. (A) Location of histidines (blue) in DLST along the 2-, 3-, and 4-fold
axis of symmetry. (B) SEC trace of the designed nanoparticle after protein components were purified with

an elution gradient from 0.00 M - 0.50 M imidazole. (C) The highlighted fraction from SEC purification was
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taken for ns-EM. This is a cropped view of a ns-EM micrograph taken at 57,000x magnification. The majority
of observed particles were of DLST. (D) Electrostatic potential of the catalytic domain of DLST with
positively charged residues shown in blue and negatively charged residues in red along the 2-, 3-, and 4-
fold axes of symmetry. (E) SEC trace of the octahedral nanoparticle after cells were lysed with 0.5 M NaCl.
IMAC buffers to purify components also contained 0.5 M NaCl. Zoomed-in window highlighting the SEC
fraction taken for ns-EM in the next panel. (F) The highlighted fraction from SEC where the expected elution
time of the nanoparticle was taken for ns-EM. This is a cropped view of a ns-EM micrograph taken at
57,000x magnification. Particle total yield and total concentration of assembled material was significantly
diminished Supplemental Table 2). We did not observe the presence of DLST in these micrographs. (Blue

= contaminant protein, DLST; Pink = on-target two component nanopatrticle).
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A . 3.00A 6.00 A 6.25A 6.50 A

8.00A

Supplemental Figure 13: Additional maps and models.
(A) Additional low-pass filtered maps and associated ModelAngelo output models between 3.00 A and 9.00

A not shown in Figure 9.
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Supplemental Figure 14: A comparison of the active site water network coordinates for DLST.

Water network of the DLST active site comparing the 2.51 A Cryo-EM structure discussed here with the
2.20 A crystal structure (PDB: 1SCZ)8. The catalytic residues HIS375, ASP379, THR323 are labeled. (A)
Our Cryo-EM structure surface view, with a red box showing the location of the active site. (B) A zoomed
in view of the active site highlighted in (A) using a cutaway surface view. (C) The Cryo-EM structure of
DLST built from the 2.51 A Cryo-EM map. (D) The structure in (C) fit within the Cryo-EM map. (E) 1SCZ

model taken from the deposited structure®. (F) 1SCZ fit within the 2Fo-Fc map®.
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Supplemental Figure 15: Asymmetric refinement of DLST catalytic domain.

(A) Local resolution estimation of asymmetrical refined DLST catalytic domain (sharpened using
DeepEMhancer) and the unidentified blob along the 4-fold axis, and the 2-fold axes nearest the face with
the blob. The scale bar shows local resolution ranging from 2.50 A (blue) to 8.50 A (red). The unidentified
blob is circled in red in the 4-fold axis image and as stand-alone density (grey) isolated from the rest of the
model. (B) Gold Standard Fourier Shell Correlation (GSFSC) of the asymmetric map with a global resolution

estimation of 3.79 A at FSC 0.143. (C) Guinier Plot of the asymmetric map showing a BFactor of 25.5. (D)
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Cutaway-view showing the final DLST structure docked into the asymmetric density. The residues nearest

to the blob were identified as GLU224, ILE 229, ARG230, LYS299, VAL303, ARG306, and ASP307.

Supplemental Table 2: Estimated protein yields from different purification methods based on

particles picked and sorted by ns-EM 2D classification

Purification

Designed Protein

Contaminant Protein

Total Yield| particles Mass Estimated | Particles Mass Estimated
Method (ug) Extracted | Extracted Protein Extracted | Extracted |Protein Yield
(%) (%) Yield (ug) (%) (%) (ng)
Original 97 3.53 3.01 3.79 96.5 96.1 93.2
Purification
+0mM-0.5
M Imidazole 75 - - - - - -
gradient
Below 1 particle
i (l)\lgCrT M| detection obpserved N N N - h
for UVis
+ 100 mM
Gly
+100 MM 220 99.5 99.6 219 0.49 0.44 0.96
Arg
Improvement
w/ excipients 2.27 28.2 25.5 57.7 0.01 0.00 0.01
(fold)
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Supplemental Table 3: Cryo-EM Data Collection, Map, and Model Statistics.

Sample Preparation
Instrument

Temperature (C)

Humidity (%)

Blot Force (s)

Blot Time (S)

Wait Time (s)

Grid Type

Data Collection

Instrument

Camera

Pixel Size (A/pixel)

Energy Filter

Voltage (kV)

Dose Rate (e pix?! s?)

Frame Rate (s)

Total Dose (e/A?)

Frames per Stack

Defocus Range (um)

Movies Recorded

Cryo-EM Map

Particles in Final Map
Symmetry

Global Resolution (A)
Maximum Local Resolution (A)
Minimum Local Resolution (A)
Atomic Model

Number of Chains

Residues per Chain

Bond Lengths (A)

Bond Angles

MolProbity Score

Clash Score

Ramachandran plot Outliers (%)
Ramachandran plot Allowed (%)
Ramachandran plot Favored (%)
Rotamer Outliers (%)
Asymmetric Cryo-EM Map
Particles in Final Map
Symmetry

Global Resolution (A)
Maximum Local Resolution (A)
Minimum Local Resolution (A)

Vitrobot Mk 4

22°

100

0

0.5

7.5

Quantifoil 2/2 Holey Carbon +2nm Carbon Film

FEI Titan Krios
Gatan K3
0.843
Bioquantum
300

8.4

0.05

47

75

0.8-1.8
6,211

18,809
Octahedral
2.51

2.88

2.44

24
233
0.004
1.005
151
5.22
0.00
0.43
99.57
1.99

19,033

C1/ Asymmetric
3.79

2.50

8.50
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Supplemental Table 4: Percent DLST identification using Protein BLAST (consensus sequence),

hmmsearch (ModelAngelo), Protein BLAST (longest 10 chains), and hmmsearch (longest 10

chains).
Protein hmmsearc
BLAST h . . .
(consensus | (ModelAn Protein BLAST (longest 10 Chains) hmmsearch (longest 10 chains)
sequence) gelo)
Chain Number consensus | allchains | 1|2 (3|4 |56 |7|8|9(10{1(2|3|4|5|6|7]|8|9]10
98.197.198.|98.[99.|98.(94.|73.|70.|64.|96.|98.|96.|98.|98.[99.|96. |86.|82.|87.
2.51 98.0 10000000000000000000000
99.199.]99.199.{99.]99.(99.|98.(98.|99.|98.|98.|98.|97.|97.|98.|98.(97.|98.|97.
3.00 99.0 66'700000000000000000000
98.199.]99.199.(99.|99.(98.{99.(99.|99.|97.|97.|98.|97.|98.[97.|98.{97.|98.|97.
4.00 99.0 75'OOOOOOOOOOOOOOOOOOOOO
99.198.(98.(98.(98.(94.199.|99.|99.|93.|97.|93.|95.|86.|94.|86.[95.(93.|87.|98.
4.25 98.0 82'900000000000000000000
97.198.[98.(98.(92./90.|88.|87.|91.|92.|94.|95.|95.|94.|96.|94.|96.|95.|94. |96.
4.50 95.0 97'0000000000000000000000
98.]93.(93.(88.|80.|86.|30.|27.|86.|36.|95.{99.|96.|97.|95.|95.|96.|96.|95.|96.
475 97.0 10000000000000000000000
5.00 3 99.0 50.[48.(33.[27.|79.|26.|26.|46.|28.|84.|98.|98.|98.|96.|98.[98.[98.(97.|98.|97.
Map | ~|]o0j0|0|O0O|O|O|O|O|O|O|O|O|O|]O|O|O|]O|O]|O0O]O
Resolution

A) B 95. 93.192.| | | _|50.] | |96.|94.197./194.|94./80.|69.|97.|68.|87.
525 915 010000 0 o|olo0o|jO0O|O0O|O|O|]O]|O]O
550 B 62.7 78.193.| | ]2.0/0.0/0.0/2.0/0.0{0.0/93.|95.|89.|79.|86.|20.|26.|31./0.0/0.0
’ 1013 o|ojlo0o|j0|O|O|OjO|O|jO|O|4|0|O]|O]|O
575 B 48.4 _|0.0|0.0/0.0/0.0|18./0.0/0.0|0.0/0.0/91.|/0.0/93.|0.0/0.0(81.|92./0.0(0.0|0.0
’ ' o|ojo0ojo0|j0|jO0O|OjO|O|O|O|8|0O|l0O0O|0O|O]|]O]|O]O
6.00 B 556 0.0|/0.0/0.0|0.0{1.0|0.0{55./0.0({0.0/0.0|1.3{0.0/0.0{0.0|11.|{0.0|67.{0.0|0.0{0.0
’ . |]o0j0|0|0|O0O|O|O|O|O|O|7|0|O|O|6|0|0O|0O|O0]O
6.95 B 385 0.0(0.0{0.0{0.0/0.0/0.0{0.0/0.0/0.0{0.0|0.0/0.0|{79.|0.0f ]0.0{0.0/1.6/0.0/0.0
’ ~ |o0|0|O0O|O|O|O|O|O|O|O|O|O|O]O o|o0|7]|0]|O0
6.50 B 500 1.0/0.0/0.0/79./0.0/0.0/0.0{0.0/0.0/0.0|{8.1|0.0/0.0|81.| |0.0/0.0{0.0/0.0/0.0
’ ~ |0|0|O0O|O|O|O|O|O|O|O|6|0|0]O o|o0o|lO0O|O0]|O
6.75 B B 0.0/0.0/0.0|0.0/0.0|0.0{0.0/0.0{0.0|/0.0|0.0{0.0/0.0{0.0|0.0/0.0|0.0{0.0|0.0{0.0
’ o|ojo0jo0o|jo0ojo|jo0ojo0o|0lO|O|lO|]O|O|]O|O]jO]|O|O0O]O
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700 _ 0.00 0.0/0.0/0.0/0.0/0.0/0.0/0.0/0.0/0.0{0.0/0.0|0.0/0.0/0.0|0.0| |0.0|0.0/0.0/0.0
' ' ojojojojojojojojojo0ojo0fofoy|joy|o 0|0|0]|O0
8.00 B B 0.0/0.0/0.0|0.0/0.0/0.0|0.0/0.0|0.0{0.0/0.0/0.0{0.0(0.0/10.0) | | | | _
' ojojojojojojojojojo0ojo0fofofjoy|o

9.00 _ __ 0.0/0.0|0.0|0.0|0.0|0.0|0.0|0.0|0.0|0.0|0.0|0.0|0.0|0.0|0.0|00| | | |00
' ojoj0j0|j0j0|jO0OjO|jOjO|O|O|O|O|O]|O 0
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Supplemental Table 5: SDS-PAGE and anti-DLST Western Blot lane annotations.

Lane [ Annotation

1 Bio-Rad Precision Plus Protein Unstained Standards

2 LiCor Chameleon® 700 Pre-stained Protein Ladder

3 1:20 dilution nanoparticle component 1 soluble lysate

4 1:10 dilution nanoparticle component 1 fraction loaded on IMAC

5 1:5 dilution nanoparticle component 1 IMAC flowthrough

6 Nanoparticle component 1 IMAC wash

7 Nanoparticle component 1 IMAC eluate

8 Bio-Rad Precision Plus Protein Unstained Standards

9 LiCor Chameleon® 700 Pre-stained Protein Ladder

10 1:20 dilution nanoparticle component 2 fraction loaded on IMAC

11 1:20 dilution nanoparticle component 2 IMAC flowthrough

12 Nanoparticle component 2 IMAC wash

13 Nanoparticle component 2 IMAC eluate

14 Bio-Rad Precision Plus Protein Unstained Standards

15 LiCor Chameleon® 700 Pre-stained Protein Ladder

16 1:20 dilution nanoparticle component 1 soluble lysate + excipients

17 1:10 dilution nanoparticle component 1 fraction loaded on IMAC + excipients
18 1:5 dilution nanoparticle component 1 IMAC flowthrough + excipients
19 Nanoparticle component 1 IMAC wash + excipients

20 Nanoparticle component 1 IMAC eluate + excipients

21 Bio-Rad Precision Plus Protein Unstained Standards

22 LiCor Chameleon® 700 Pre-stained Protein Ladder

23 1:20 dilution nanoparticle component 2 fraction loaded on IMAC + excipients
24 1:20 dilution nanoparticle component 2 IMAC flowthrough + excipients
25 Nanoparticle component 2 IMAC wash + excipients

26 Nanoparticle component 2 IMAC eluate + excipients
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Additional Supplemental Sequences (4) and Tables (6-13) are included as additional supplemental
material.
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Materials and Methods

Purification protocol and protocol modifications for O43-TM

For the designed O43-B, E. coli BL21(DE3) cells (NEB, Cat. C2527H) were transformed with the trimer
plasmid. A colony was picked and cultures were grown in Terrific Broth media at 37.0°C until an OD600 of
0.60 - 0.80 before induction with a final concentration of 1 mM Isopropyl B- d-1-thiogalactopyranoside
(IPTG) and grown for an additional 3 hours at 37.0°C. Cells were harvested at 5000 revolutions per minute
(rpm) for 15 minutes and resuspended with the lysis buffer (25.0 mM Tris-HCI pH 8.00, 0.15 M NaCl, 100
mM arginine, 100 mM glycine, 1.00 mg/mL lysozyme and 1.00 mg/mL DNAse) then lysed using sonication.
Lysed cell resuspensions were sonicated for a total of 5 minutes using 10.0 second sonication pulses and
10.0 second breaks. After cell lysis, the solution was pelleted at 10,000g for 30 minutes. The supernatant
was collected and ran through a nickel-nitrilotriacetic acid (Ni-NTA) IMAC resin with a bed volume of 5.00
mL (Qiagen, Cat. 30250). The IMAC resin was equilibrated with 5.00 column volumes of loading buffer
(25.0 mM Tris-HCI pH 8.00, 0.15 M NaCl, 100 mM arginine and 100 mM glycine) before the addition of cell
lysate, then washed with 3 column volumes of the loading buffer. The bound protein was eluted with 1.50
column volumes of elution buffer (25.0 mM Tris-HCI pH 8.00, 0.15 mM KCI, 0.50 M imidazole, 0.15% n-

Dodecyl-B-D-maltoside (DDM), 100 mM arginine and 100 mM glycine).

For O43-A, plasmids were transformed into BL21 Star (DE3) pLysS One Shot competent cells (Promega,
Cat. L1195). Cells were grown for 3 hours at 37.0°C until an OD600 of 0.80 - 1.00 before induction with a
final concentration of 1 mM Isopropyl p- d-1-thiogalactopyranoside (IPTG) and grown for an additional 18
hours at 18.0°C. The cells were then lysed in the same fashion as described above. Following lysis by
sonication, cells expressing the tetramer were spun at 10,000g for 15 minutes and the supernatant was
collected for ultracentrifugation at 130,000g for 1.00 hour at 4.0°C. A resuspension buffer (25.0 mM Tris-
HCI pH 8.00, 0.15 M KCI, 100 mM arginine, 100 mM glycine and 2.00% DDM) was used to resuspend the
pellet after ultracentrifugation. This resuspension was placed on a rocker at 4.0°C overnight. The following
day, the resuspended solution was spun for an additional 30 minutes at 14,000g. The supernatant was

collected and ran through an Ni-NTA IMAC resin with a bed volume of 5.00 mL. The IMAC resin was
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equilibrated with 5.00 column volumes of resuspension buffer before the addition of cell lysate, then washed
with 3 column volumes of the resuspension buffer and eluted with 1.50 column volumes of elution buffer
(25.0 mM Tris-HCI pH 8.00, 0.15 mM KCI, 0.50 M imidazole, 0.15% n-Dodecyl-B-D-maltoside (DDM), 100

mM arginine and 100 mM glycine).

Purified proteins were mixed together ata 1:1 (c/c) by molar ratio for 1 hour at 4.0°C to facilitate nanoparticle
assembly. Further purification of the nanoparticles was achieved using size exclusion chromatography
(SEC) in an SEC buffer (25.0 mM Tris-HCI pH 8.00, 0.15 mM NacCl, 0.10% DDM, 100 mM arginine and 100
mM glycine) on a Cytiva Superose® 6 Increase 10/300 GL column. The SEC column was calibrated using
the Cytiva Gel Filtration HMW Calibration Kit (Cat. 28403842) with molecular masses ranging from 43,000
to 669,000 Daltons. The nanoparticle peak purified on the SEC was isolated and characterized by DLS, ns-

EM and Cryo-EM.

All lysis, resuspension and purification buffers resulting in the co-purification of DLST with the on-target
nanoparticle did not contain 100 mM glycine and 100 mM arginine. Otherwise, the purification protocols
described here are the same for samples where co-purification of DLST with our two-component

nanoparticle were observed.

Western Blot of IMAC-purified components containing DLST

After each step of Ni-NTA purification of the protein nanoparticle components with and without the use of
excipients, 500 pL of sample was saved for SDS-PAGE gel on a Criterion™ TGX Stain-Free™ Precast
Any kD gel (Cat. 5678125). Soluble protein lysate and NTA flowthrough fractions were diluted to prevent
overloading the sample signal on the gel. The NTA Wash and Elution fractions of the protein components
were run on the gel without dilution. 10 pL of each sample was mixed with 10 pL of 2x Laemmli Sample
Buffer (Brio-Rad, Cat. 1610737) and boiled for 10 minutes at 95°C. The gel was loaded with 10 pL Bio-

Rad Precision Plus Protein Unstained Standards (Bio-Rad, Cat. 1610363) ladder for SDS-PAGE
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applications, 4 pL of LiCor Chameleon® 700 Pre-stained Protein Ladder (LiCor, Cat. 928-70000) for

Western Blot applications, and 10 pL of each boiled sample.

A Western Blot was performed following stain-free imaging of the SDS-PAGE gel. The gel was
transferred onto a 0.2 um Nitrocellulose membrane (Bio-Rad, Cat. 1620112) and blocked for 1 hour using
a 1% solution of Blocking Buffer (1% w/v Blocking-Grade Blocker (Bio-Rad, Cat. 1706404) dissolved in 25
mM Tris-HCI pH 8.0, 150 mM NaCl and 0.05% Tween-20 (TBS-T)). A polyclonal C-terminal DLST
antibody (Antibodies Online, Cat. ABIN2788818) was used as the primary antibody to detect DLST in the
samples. The primary antibody was incubated with the membrane at a 1:100 dilution in the blocking
buffer for 1 hour. The membrane was washed three times with TBS-T and 25 mL of new blocking buffer
was added with a 1:1000 dilution of the secondary antibody Goat anti-Rabbit IgG FITC (Antibodies
Online, Cat. ABIN101988) to visualize DLST. Western Blots were imaged on the LiCor Odyssey® M
using the 700 nm wavelength channel to visualize the ladder and 488 nm channel to detect the FITC

fluorescence signal.

ns-EM data acquisition and processing for samples containing DLST

Negative stain electron microscopy (ns-EM) micrographs were collected on a Thermo Fisher Scientific
Talos L120C 120 kV transmission electron microscope with a LaBs filament and CETA camera with a pixel
size of 2.49 A at 57,000x magnification. 164 micrographs were recorded at 57,000x magnification at a total
dose rate 40.8 e/A? for the octahedral nanoparticle. Micrographs were imported into CryoSPARC v4.4 and
Patch CTF Estimation was performed prior to blob picking, inspection, and extraction of 22,158 picks with
a box size of 180 pixels (448.2 A)%6. With CTF correction off, picks were classified into 50 2D classes, four
of which were selected to serve as templates for an additional round of particle picking. In this second round
of particle picking, picks were inspected and extracted to 180 pixels (448.2 A) before classification of 55,802
extracted particles into 150 2D classes with CTF correction off. 5 out of 150 of these 2D classes were
selected as a second round of templates for another round of particle picking and extraction. In this last

round, 49,262 particles were extracted to 180 pixels (448.2 A) using the templates from the second round
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of extraction and classified into 50 2D classes with a batch size of 400 particles and CTF correction off.
30,927 particles were used to homogeneously refine a map into Octahedral symmetry with a maximum
resolution threshold of 20 A. Particles were aligned into three 3D octahedral ab-initio reconstruction classes.

For subsequent ns-EM data processing for DLST, we followed a similar pipeline outlined here.

Cryo-EM sample preparation for samples containing DLST

Prior to freezing, 3 pL of protein sample, at an estimated final concentration of 0.3 mg/mL, was applied to
glow-discharged Quantifoil 2/2 holey carbon grids overlaid with a thin layer of additional carbon. Vitrification
was performed using a Vitrobot MKkIV at 22°C and 100% humidity, with a wait time of 7.5 seconds, a blot
time of 0.5 seconds, and a blot force of 0, before being immediately plunge-frozen into liquid ethane. The
sample grids were clipped following standard protocols before being loaded into a 300 kV Titan Krios for

imaging.

Cryo-EM data acquisition and processing for samples containing DLST

A total of 6,211 movies were collected using SerialEM on a 300 kV FEI Titan Krios equipped with a Gatan
K3 direct electron detector and a BioQuantum Gif energy filter®*. The movies were recorded at 105,000x
magnification, with a pixel size of 0.843 A/pixel. Each movie consisted of 99 frames recorded at a frame
rate of 19.8 frames per second, with a dose rate of 9.4 e-/A2/s and an exposure time of 5 seconds, resulting
in a total exposure dose of 47.0 e-/A2. All movies were imported into CryoSPARC v4.4 for data processing®.
Initially, the movies were corrected for Patch Motion Correction. Defocus and astigmatism values were
estimated using the Patch CTF with the default parameters. After two rounds of exposure curation, 4,264
exposures were selected for particle picking. Prospective particles were identified using blob picking with a
diameter range of 200 to 400 A, corresponding to the expected sizes of both our intended and co-purified
proteins. This process identified 808,774 prospective particles, which were then inspected and curated
based on power histogram values and normalized cross-correlation scores. Following this curation, 456,319

particles were extracted at a box size of 600 pixels. These particles were classified into 150 classes with a
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batch size of 400 per class. 4 classes were selected to serve as templates for another round of particle
picking with particle diameter set to 300 A. This round yielded 1,468,115 prospective particles, which were
curated down to 765,699 particles. These were extracted at 600 pixels and classified into 150 classes
again. All high-quality particle classes (47,980 particles) were re-extracted with recentering enabled,
resulting in 47,480 particles, which were then split into 150 classes, yielding 39,222 high-quality particles.
Of these, 19,033 of the unknown protein contaminant particles were reconstructed into 3 ab-initio 3D C1
reconstruction classes. All particles were homogeneously refined into the best Ab-initio volume with
octahedral symmetry enabled, achieving a resolution of 2.62 A. Local CTF refinement was performed,
followed by another round of homogeneous refinement, improving the resolution to 2.59 A. Reference
Based Motion Correction was then performed which reduced the number of particles to 18,809.
Subsequently, Global CTF refinement was run for two iterations with Fit Anisotropic Mag set to true. One
final homogenous refinement was run in Octahedral symmetry with Minimize over per-particle scale and
Optimize per-group CTF parameters set to true, yielding a map with a final estimated resolution of 2.51 A.
This map was then sharpened using deepEMhancer on the “highRes” model and filtered to 2.51 A. All other

parameters were left as default.

Asymmetric refinement of the catalytic domain for DLST

To produce an asymmetric model of the catalytic domain, best ab-initio volume was also homogeneously
refined using the same 19,033 particles used for octahedral refinement, but without a symmetry operator
enforced. The 3.79 A homogenous refinement was sharpened using DeepEMhancer to produce our final

asymmetric map.

Identification of DLST from octahedral nanoparticle samples

ModelAngelo was run on the final Cryo-EM map, sharpened using deepEMhancer, in a sequence-agnostic
manner to generate sequence segments fit to the density as a cif file™. PyMol was used to generate a

FASTA sequence from the cif file which was aligned by the multiple sequence alignment program Clustal
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Omega’®. The aligned sequences were then exported and used by sequenced logo program WebLogo to
generate a frequency plot of the aligned sequences®. The most frequent amino acid present at each
residue was used to create a consensus sequence. This sequence was input into the National Institutes of
Health (NIH)'s Protein BLAST and the result strongly indicated that the most likely candidate protein was
dihydrolipoamide succinyltransferase (Supplemental Table 4)76. PDB assembly 1SCZ of the catalytic
domain of dihydrolipoamide succinyltransferase was aligned to our Cryo-EM volume and used to visually

confirm the identity of the contaminant82:84,

Generation of low-pass filtered maps for resolution-based analysis

To generate maps of the contaminant with resolutions ranging from 3.00 to 9.00 A, the 2.51 A Cryo-EM
map (prior to sharpening with deepEMhancer) was low-pass filtered using the Volume Tools job in
CryoSPARC to 3.00 A, 8.00 A, 9.00 A, and each 0.25 A interval between 4.00 A and 7.00 A. The maps
output by these jobs were then used as inputs for ModelAngelo without an input sequence to produce
models containing chain fragments and corresponding HMM profiles, and from which consensus
sequences could be generated using the protocol designed for the 2.51 A map. Protein BLAST analysis of

the consensus sequences for each model.

Each consensus sequence was individually used as the input for a Protein BLAST search on the non-
redundant protein sequences (nr) database with default parameters and with no taxonomic restriction
applied’. The descriptions table for each result was downloaded and trimmed to the 100 results with the
lowest E value. The protein names (from the descriptions column) were then searched for one of the key
terms identified for unambiguous DLST identification. All results were formatted in lowercase, then
screened to identify the presence of any of the following search terms: “dihydrolipoamide
succinyltransferase”, “dihydrolipoyllysine-residue, succinyltransferase”, “dihydrolipoyltranssuccinylase”,
“dihydrolipoyltranssuccinate transferase”, or “dihydrolipoyltranssuccinase”. To prevent potential ambiguity
or mis-identification in results, terms such as “2-oxo acid dehydrogenase subunit E2” were not considered

matches unless they also contained one of the above terms. A percent DLST match score was assigned
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to each chain from each method representing the number of the top 100 results that could be
unambiguously identified as DLST. For results which contained fewer than 100 entries, the percent DLST
match was determined based on all of the entries available. For example, the Protein BLAST result for
chain 2 of the 5.50 A model was assigned a score of 93.3 as 14 of the 15 entries returned matched DLST
(Supplemental Table 4). Because results with no entries would have an indivisible score (as the non-
existent matching entries would have to be divided by zero total entries), those results are scored with a

double dash (--), and were excluded from Figure 9C (Supplemental Table 4).

Protein BLAST analysis for the longest 10 chains of each model

The FASTA sequence of each model output by ModelAngelo was sorted by chain length, and the
sequences of the longest 10 chains were recorded for subsequent analysis. Each sequence was then used
as the input for a novel Protein BLAST search and assigned a subsequent DLST match score using the

same methods and parameters that were used for the consensus sequences (Supplemental Table 4).

hmmsearch analysis (in ModelAngelo) for each model

The hmmsearch function within ModelAngelo was executed on each model referencing E. coli (BL21 DE3)
reference proteome UP0000020327°. The all_hits.csv results were - like with searches using Protein BLAST
- trimmed to the 100 entries with the lowest E value, or all entries for results with less than 100 entries and

DLST match scores were assigned using the same criteria as for Protein BLAST.

hmmsearch analysis (in HMMER 3.4) for the longest 10 chains of each model

Using the chain names of the longest 10 chains for each model identified during Protein BLAST analysis,
the corresponding HMM profiles generated by ModelAngelo for the longest 10 chains of each model were
identified for use with hmmsearch directly through HMMER 3.4 against sequence database
UniProtkB/TrEMBL®®7. The output files were then processed in the same manner as the Protein BLAST

and ModelAngelo hmmsearch outputs.
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Cryo-EM Structural Refinement

Following identification of the contaminant protein as DLST, the dIst gene sequence from BL21 DE3 E. coli
was pulled from UniProt (entry AOA140NDX4) and used as the input sequence for automated model
building using ModelAngelo along with the 2.51 A deepEMhancer sharpened volume map®”6%97, The
resulting model was imported into PyMOL to extract its FASTA sequence, the chains of which were then
aligned with the UniProt gene sequence once more to verify that deviations to the sequence were not
introduced®3%8. Then the model was relaxed using ISOLDE in ChimeraX to ensure the model fit moderately
well to the density®"-6%%°, Subsequently, one chain of the model was isolated and retained while all other
copies were deleted. Symmetry operators were applied to the remaining chain in ChimeraX to repopulate
the density with the 23 additional subunits®’. The model was then iteratively processed using Coot, Phenix,
and ISOLDE to accurately orient the backbone and sidechains®-"X, After each iteration of processing, the
A chain was preserved and other chains were first deleted, and then repopulated using ChimeraX symmetry
operators®”:%8, Periodically, between iterations, the model was submitted to the wwPDB validation service
to provide an additional metric of model quality”’. Once the iteratively produced model was deemed by the
authors to be of sufficient quality, a mask was generated in ChimeraX of the 2.51 A map sharpened (without
using deepEMhancer) preserving only regions within 6 A of chain A. A network of waters with density
present in this mask was built in Coot and then symmetrized over the whole model in ChimeraX®7:6870 The
symmetrized model was examined in ChimeraX and Coot to identify regions where waters were duplicated
(as waters were built along all interface between chain A and the adjacent chains), all but one copy of each
of these waters were deleted such that following an additional round of symmetrization the final model
possessed no duplicates. The full model was refined one last time in Phenix using the 2.51 A map
sharpened (without using deepEMhancer) map’:. The distance between each water and nearby non-
Hydrogen atoms was measured to verify that the waters were not placed too near or far from the model.
The model was manually inspected in Chimera as a final quality check and then the final model was once

again submitted to the wwPDB validation service to provide a quantitative assessment of model quality

94


https://paperpile.com/c/07yZLo/yNedF+1bvch+JzhUh
https://paperpile.com/c/07yZLo/4T8WI+SVsvb
https://paperpile.com/c/07yZLo/1bvch+JzhUh+iGwKx+UV59g
https://paperpile.com/c/07yZLo/JzhUh
https://paperpile.com/c/07yZLo/pchjL+VQOG1+1bvch
https://paperpile.com/c/07yZLo/JzhUh+UV59g
https://paperpile.com/c/07yZLo/tLLOn
https://paperpile.com/c/07yZLo/pchjL+UV59g+JzhUh
https://paperpile.com/c/07yZLo/VQOG1

prior to deposition’”%. The final structure was deposited in the Protein Data Bank (PDB) and Electron

Microscopy Data Bank (EMDB) under accession numbers 9DZ8 and EMD-47326 respectively.
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Chapter 5: Conclusions

In this work, | present the development and application of advanced computational strategies to design
transmembrane nanoparticles and membrane mimetic nanoparticles, encompassing both the preliminary
design of circular toroid protein membrane mimetics and the first generation of transmembrane two-

component nanopatrticles.

A central achievement of this dissertation was the successful purification and structural characterization of
the O43-TM particle, a novel protein material using de novo designed transmembrane proteins as one of
the base components of the nanoparticle. Building upon the methodologies established for two-component
protein design, similar approaches were applied to generate designs for the O43-TM nanoparticles®112,
Despite the challenges associated with the purification of a de novo designed transmembrane protein, |
successfully isolated O43-A and proceeded to elucidate a Cryo-EM structure of the transmembrane
nanoparticle solubilized in detergent with a global resolution of 4.16 A. Our structure of O43-TM clearly
shows detergent micelles surrounding the transmembrane helices of the 043-A component, an exciting
glimpse into what the hybrid particle can look like. However, during the first rounds of purification | observed
a distinct protein contaminant present in our samples. The integration of machine learning and Al tools such
as AlphaFold 3 and ModelAngelo facilitated the improved characterization of O43-TM by allowing us to
identify the contaminant and improve the purification and yield®*. To our knowledge, this transmembrane
nanoparticle is the first of its kind and an exciting first iteration towards achieving in vitro nanoparticle
membrane encapsulation which will open the door to display native membrane proteins on nanoparticle

surfaces.

| also used computational design to build novel materials from unique building blocks. These toroid building
blocks were encoded with hydrophobic regions that would be localized areas for lipid-protein interactions.
Beyond designing O43-TM, this work also focused on the rational design of toroid proteins that can
incorporate lipids into the nanoparticle scaffold by coding specific motifs into the protein’s design. Besides
being able to modify the height of toroids, | observed that introducing hydrophobic mutations into the protein

was not a detriment to protein expression. The ease of computational design and purification of toroid
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proteins makes them an ideal candidate for making a de novo designed membrane mimetic. Furthermore,
because toroids are rigid repeat proteins it is possible to multimerize toroids into spherical nanoparticles
and leverage multivalent display of lipid patches***’. Similarly to encapsulated nanoparticles, the
presentation of lipid patches through toroids can provide a wider breadth for the types of antigens or drug

conjugates that can be displayed on designed nanoparticles.

Taken together, this dissertation illustrates a step towards utilizing unique building blocks in oligomeric
protein design. This opens the door for designing nanoparticles which can be encapsulated by lipid bilayers
and would be an ideal platform for displaying native antigens, creating a membrane surface for targeting,
and perhaps increase bioavailability much like the advantages of LNPs?22557 Although many steps remain
to validate a toroid protein membrane mimetic, this work lays a foundation for generating new designed
scaffolds suitable for holding lipid bilayers. As computational protein design continues to evolve, the design
of hybrid nanoparticles will become increasingly more attainable. Experimental evaluation emerges as a
key paradigm for the next generation of hybrid nanoparticle design. These findings underscore the need
for further structural characterization, membrane formulation investigation, and assay development to refine

the design and characterization of true hybrid lipid-protein nanopatrticles.
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