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Cryogenic transmission electron microscopy (cryoEM) has become an increasingly common tool
for determining structures of proteins and protein complex at near atomic resolution. We seek to
determine the structure of p97 by cryoEM using an affinity capture approach that employs a family
of novel synthetic lipids bearing water soluble PEG units and known high affinity inhibitor
molecules at the distal end of the polymer. A library of inhibitor modified affinity lipopolymers of
5000 KD PEG molecular weights were synthesized. The inhibitor modified lipid coated grids were
used to capture p97. The reconstruction of p97 revealed the structure at dimeric state at 3.64 A and
monomeric state at 4.33 A. A PEG unit composed of 20000 KD molecular weight based
polyrotaxane containing NTA ligand as affinity tag has been synthesized, used to concentrate 6x-
his tagged p97 on TEM which also enabled to see all 3D orientation of the target particles and an

initial model of 10.64 A resolution of p97 structure was resolved.



CHAPTER 1. INTRODUCTION

1.1 Challenges in protein’s structure determination

Researcher has been using X-ray crystallography, nuclear magnetic resonance, and electron
microscope to elucidate high resolution three-dimensional structure of numerous biomolecular
complexes. Generally, computer assisted software generate active site of protein, on basis of which
targeted drug molecules are designed to synthesize. Any of above method doesn’t permit to
observe atom to atom single bond to elucidate electron density map of biomolecule and different
orientation of atoms in biomolecules.

X-ray crystallography has been considered as most widely used technique to determine three-
dimensional structure of different biomolecules. According to this procedure, the proteins are
setting down in very repetitive pattern where three-dimensional crystal are grown. The high
quality three-dimensional crystals produce electron density map through x-ray diffraction pattern
of each crystal to elucidate three-dimensional structure of biomolecules!. The supersaturated
solution of biomolecule is condition for growing crystal. The different types of inorganic saults
such as NaCl, CaClz, KCI, or polymeric precipitants such as polyethylene glycol and volatile
organic solvent such as ethanol, methanol chloroform etc. are used to induce supersaturation and
concentrate the solution. The crystal growth of biomolecule is limited to have very intermolecular
interaction for extended lattice formation. Protein exhibits complex phase diagram are very
sensitive to different condition of solution such as concentration, pH, salinity etc. which make
difficult protein highly pure for proteolytic degradation. The protein crystallization is highly
dependent on different experimental variables such as concentration, pH, salinity etc. Generally,
most well-ordered protein’s crystal has been shown well separated nucleation and crystal growth

phases. Protein tends to show impaired crystallization for lower rate of intermolecular contacts
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which make every protein unique. The misfolded states of proteins can be formed by frequent
conformational flexibility. It has been seen that it is hard to concentrate protein’s solution and
higher content of water makes crystal so fragile. So, the larger and complex macromolecule is less
likely to form well-ordered crystal. Some biomolecules could be highly unstable to different
condition for crystallization or precipitated for denaturation. The dynamic nature of lipid
membrane tends to prevent crystallization?-4.

Nuclear Magnetic Resonance (NMR) spectroscopy has also long been used to determine non-
crystallizable bio-macromolecule structure up to high resolution which enables to disclose relative
disorder by analyzing NMR peak in desired regions. One big disadvantage is that NMR requires
more than one milligram of sample and highly concentrated sample® ©.

In the meanwhile, Single-particle cryogenic electron microscopy (cryo-EM) is a rapidly emerging
biological structure determination tools which is now able to produce around 2 A resolution
structure macromolecules’-11. It has been seen that thousands of images of single particles are
collected to achieve higher resolution structure!?. Those structure are determined by collected and
average images from many types of biomaterials coated and noncoated TEM grids preparation that
specifically/randomly bind protein in different orientation.

Sample needs to be frozen in athin film of vitreous ice in single particles cryo-EM, followed by
imaging by the transmission electron microscope (TEM) for two-dimensional projection images
of the target particles. First, individual particle’s orientation is measured computationally, a 3-D
model is subsequently generated on basis of target particle’s structural interpretation.

Single particle cryo-EM has many advantages over X-ray crystallography. First, it is valid to a
range of target proteins which are refractory to crystallization and can solve high-resolution

structures more quickly using lower copy of target biomolecules. Secondly, with cryo-EM, target
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macromolecules are preserved at close-to-native conditions and thus the elucidated structures
could represent more closely to the biological states.

Moreover, in cryo-EM, asingle set of targeted particles can resolve multiple active conformation®3.
These superior characteristics of cryo-EM made it more advanced, efficient, promising, and
informative structural biology tool, which could benefit structural studies of different known and
unknown macromolecules and structure-based drug design.

Although single particle cryo-EM doesn’t require high amount with high concentration, still there
are lot of challenges in dealing rare sample to reach standard cryo-EM approach, such as lower
copy, low yield, low concentration and labile structure of target biomolecules which cannot survive

standard biochemical purificationt0: 14,

1.2 Our Methods in Addressing Drawbacks to High Resolution Cryo-EM Imaging

1.2.1 Inhibitor Modified Lipid Monolayer Affinity Grid Approach

In an attempt to optimize cryo-EM grid preparation and also tackle challenging samples to cryo-
EM, we have explored the affinity based cryo-EM approach. More Specifically, we have designed
inhibitor-based affinity cryo-EM technique that provides an easy to use, effort-saving specimen
preparation approach for the single particles cryo-EM structural studies of p97.

Therefore, we seek to determine the structure of p97 by cryo-EM using an affinity capture
approach that employs a family of novel synthetic lipids bearing water soluble PEG units and
known high affinity inhibitor molecules at the distal end of the polymer. The project objectives are
verification of the inhibitor capture concept using a well characterized p97 inhibitor. We addressed
these challenges by focusing on determining the near-atomic resolution structure of inhibitor- free
his6-p97. This is served as atemplate to identify regions of the protein with additional density due

to inhibitor binding. We propose to elucidate the structure of p97 in complex with four different
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inhibitors at 3.64 A resolutions by cryoEM to identify the p97 amino acids that are interacting with
the inhibitors in the binding pocket. We utilize established methods of the structural elucidation of
p9715 and adapt them to the preparation of inhibitor-modified grids for high resolution single

particle reconstruction analysis.

1.2.2 Polyrotaxane Based Rod Shaped Scaffold approach

We have developed polytrioxane based novel materials to accelerate cryo-EM single particle
reconstruction (SPR) productivity that will concentrate the biological sample onto a rod-like
scaffold prior to deposition onto the TEM grid. Our strategy integrates macromolecule containing
affinity ligand synthesis and characterization to develop rod-like materials that actively discourage
non-specific protein adsorption, while enhancing the capture and random presentation of target
proteins on the rod-like scaffold. In this project, a-cyclodextrins (a- CD) are threaded onto a linear
polymer polyethylene glycol (PEG) chains bound to nitrilotriacetic acid (NTA) ligands, CD was
conjugated NTA ligand which was used to capture his-tagged protein. We addressed that the
antifouling properties of long PEG chain inhibit nonspecific protein adsorption, with specific
capture provided by affinity NTA:NiZ*polyhistidine recognition on the polymer, to concentrate
His-tagged p97 on a spatially well-defined scaffold for cryoEM SPR. The anticipated advantages
of CD Polyrotaxanes (PR) are lateral and rotational mobility of the threaded macrocycles that
enable their adaptation to the steric demands of the adsorbate. Our result from negative stained
and cryo-EM imaging indicates more unbiased orientations of the concentrated His-tagged p97,
which is important for high-resolution structure elucidation with cryoEM SPR. We have generated
an initial model of p97 captured at 10.56 A, more effort are given to get higher resolution p97

structure.
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CHAPTER 2. DEVELOPMENT OF INHIBITOR-MODIFIED
AFFINITY GRID FOR CRYOELECTRON MICROSCOPY

2.1 Project Overview

Cryogenic transmission electron microscopy (cryo-EM) has become an increasingly common tool
for determining structures of proteins and protein complex at near atomic resolution approaching
around 2 A. Although cryo-EM involves lower quantity of sample than other traditional techniques
such as NMR, X-ray crystallography, sample preparation remains challenging for specimens that
are low yielding, in low copy number or short lived. Recent progress in affinity grid approach in
cryo-EM has started solving these challenges by concentrating and purification of rare samples
onto the TEM grid in one step. Typically, this approach requires genetic engineering of the protein
sample such as tagging with histidine which is another big challenge!-4. Therefore, this project
seeks to develop new inhibitor-modified affinity cryo-EM grid that can directly concentrate non-
engineered samples from cell lysates on to the grid surface.

The p97 protein complex is an AAA-ATPase with multiple cellular functions, including membrane
fusion, golgi reassembly, cell cycle regulation and ubiquitin dependent protein degradation of
misfolded proteins. It is a heterodimer of hexameric assemblies comprised of D1 and D2 domains,
with its ATPase activity requiring the assembly of the D2 domain. p97 is a well-known ATPase
protein that binds with multiple adapter proteins including deubiquitinating enzymes, ubiquitin-
binding adaptors and ligases®1°. The p97 hexamer also has an ATP-hydrolysis-dependent
moveable arginine and, the subunits are arranged in ring way with small hydrophobic pore in the
middle. Mutations in p97 are linked to disorders caused by the disruption of the endoplasmic

reticulum associated protein degradation (ERAD) pathway. In the ERAD process, p97 extracts
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misassembled or misfolded proteins from the ER and transfer them into the cytosol, where ERAD
substrate protein degradation is mediated by the ubiquitin proteasome system (UPS). .

The central role that p97 plays in protein quality control makes it an attractive target for anticancer
drug development. Overexpression of p97 is also associated with different cancer cells®. A
functional deficiency of p97 contributes to the unfolded protein response and cell death, making
it’s mhibition an attractive target for cancer drug development.

A few classes of inhibitors have been developed that operate via an allosteric or competitive
mechanism to impair p97 ATPase activity!1-20. Recently, a series of phenyl indole derivatives have
been developed having binding constants in the low nM range as allosteric inhibitors, one of these
compounds has been used to determine the cryo-EM structure of the p97-inhibitor complex at 2.3
A resolution 29, It has been discovered that the indole based inhibitor binds between the D1 and
D2 domains of p972%. As p97 is homo-hexameric protein complex with six binding sites, there are
many important features of this protein that remain unknown, particularly with respect to how
domains react with sub stoichiometric inhibitor concentration.

The goal of this project is to develop a method to determine the structure of p97 by cryo-EM
using an inhibitor as a ligand bound via a novel synthetic lipid bearing water soluble PEG units
and hydrophobic tails. We seek to identify regions of the protein with additional density due to
inhibitor binding at 3.64 A resolution by cryoEM to identify the p97 amino acids that are
interacting with the inhibitors in the binding pocket. The overall scheme of the project is shown in

Figure 1.
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Figure 1: A systematic approach to 3D reconstruction is shown. In the left column, all steps are
listed. In middle column, example data are shown for the inhibitor affinity grid approach for
p97(Scale bar are not shown). The right column shows the specific experiment performed.

2.2 Design of Inhibitor Modified Affinity Grid Approach

A novel method has been developed to introduce anew concept for affinity capture on a TEM grid
surface by using a Lipid-PEG conjugate inhibitor as bait. The main advantages of this approach
are that genetic engineering of the protein target is not required (e.g. his tag and large antibod ies
are not required for specific capture). Four inhibitor conjugates composed of a flexible water-
soluble polyethylene glycol 5000 (PEG 5Kk) unit attached to 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine (DSPE) at one end of the polymer were synthesized; these four different
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conjugates provided a high affinity interaction with p97 and concentrate it at the grid surface
(Figure-1). Along PEG spacer is used in this case to avoid potential preferred orientations of p97

that may occur if the tether length between the protein and surface is too short.

113

Monolayer I LS Transfer h I

Compression

- o Grid surface
ample app e
Washed TEM
ﬂ 8 Analysis

Figure 2: Conceptual diagram showing inhibitor modified TEM grid fabrication and capture of
p97

In the first step, DSPE-PEG(5k)-DBCO was synthesized from DSPE-PEG(5k)-NH2 and NHS-

DBCO. The drug conjugate was then obtained by strain-induced ‘click’ reaction between the
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DSPE-PEG(5k)-DBCO derivative and the azide-modified drug candidates. The library of four

lipopolymers inhibitors are shown in Figure 2.
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Figure 3: Chemical structures of inhibitor-modified lipopolymer library

2.3 Experimental

2.3.1 Synthesis and Characterization of Affinity Lipopolymer Constructs
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine modified with PEG-NHz (molecular weight
5000 Dalton) was treated with DBCO-NHS in CHClz in the presence of DIPEA. The resulting
DSPE-PEG-DBCO intermediate was treated with azide containing inhibitor to make inhibitor

modified DSPE-PEG-Inhibitor as described bellow
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Figure 4: Reaction scheme for synthesis of DSPE-PEG(5k)-Inhibitor conjugates

1,2-distearoyl-sn-glycero-3-phosphoethanolamin-polyethylene glycol (5000)-
dibenzocyclooctyne (DSPE-PEG5000-DBCO) (2). DSPE-PEG5000-NH: (1, 50 mg, 0.01 mmol)
and NHS-DBCO (20.1 mg, 0.05 mmol) were dissolved in 2 mL of CHCIs in a10 mL round bottom
flask with astir bar. DIPEA (18 pL, 0.102 mmol) was added the flask was evacuated and backfilled
with N2. The solution was stirred at 40°C for 17 hours and the reaction progress was monitored by
TLC. The volatiles were then removed under reduced pressure and residue purified by silica gel
column chromatography using a gradient mobile phase starting with 955 DCM:MeOH and

increasing in polarity to 80:20 DCM:MeOH to yield 2 as asolid powder. Yield 50%; TLC: Rf=
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0.85 (80:20 DCM:MeOH); H NMR (CDCk): & 0.90 (t, 6H), 1.15- 1.45 (m, 44H), 2.25 (s, 4H),
2.28-2.32 (M, 2H), 2.48-2.53 (m, 2H), 2.75-2.78 (m, 4H), 2.48-3.7 (m, 180H), 3.55-3.60 (m, 400H)

7.40-7.60 (m, 8H).
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Figure 5: Reaction scheme of conjugate-4 synthesis utilizing CDI coupling

5-Cyanoindole Conjugate-1 (3). DSPE-PEG5000-DBCO (2, 10 mg, 0.0023 mmol) and 5-
cyanoindole-based Inhibitor-1 (2 mg, 0.0044 mmol) were dissolved in 200 yL DCM in a1 mL
flask. The solution was stirred at room temperature for overnight and the reaction progress was

monitored by TLC. The resulting solution was dried in vacuo and residue purified by silica gel
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column chromatography using a gradient mobile phase starting with 90:10 DCM: MeOH and
increasing in polarity to 83:17 DCM:MeOH. Yield, 25%; TLC: Rf = 0.80 (80:20 DCM:MeQOH);
IH NMR (CDCk): 6 0.90 (t, 6H), 1.15- 1.45 (m, 44H), 2.25 (s, 4H), 2.28-2.32 (m, 2H), 2.48-2.53
(m, 2H), 2.75-2.78 (m, 4H), 2.48-3.7 (m, 180H), 3.55-3.60(m, 400H) 7.40-7.60 (m, 8H)
5-Fluoroindole Conjugate-2 (4). DSPE-PEG5000-DBCO (2, 10 mg, 0.0023 mmol) and Inhibitor-
2 (2.0 mg, 0.0045 mmol) were dissolved in 200 yL DCM in a 1 mL flask. The solution was stirred
at room temperature for overnight and the reaction progress was monitored by TLC. The resulting
solution was dried in vacuo and the residue purified by silica gel column chromatography using a
gradient mobile phase starting with 90:10 DCM: MeOH and increasing in polarity to 83:17 DCM:
MeOH. Yield, 20%; TLC: R¢=0.80 (80:20 DCM:MeOH); *H NMR (CDCh): & 0.90 (t, 6H), 1.15-
1.45 (m, 44H), 2.25 (s, 4H), 2.28-2.32 (m, 2H), 2.48-2.53(m, 2H), 2.75-2.78 (m, 4H), 2.48-3.7 (m,
180H), 3.55-3.60(m, 400H) 7.40-7.60 (m, 8H).

Indole Conjugate-3 (5). DSPE-PEG5000-DBCO (2, 10 mg, 0.0023 mmol) and Inhibitor-3 (2 mg,
0.0044 mmol) were dissolved in 200 yL DCM in a 1 mL flask. The solution was stirred at room
temperature for overnight and the reaction progress was monitored by TLC. The resulting solution
was dried in vacuo and the residue purified by silica gel column chromatography using a gradient
mobile phase starting with 90:10 DCM: MeOH and increasing in polarity to 83:17 DCM: MeOH.
Yield, 25%; TLC: R¢= 0.80 (8020 DCM: MeOH); *H NMR (CDCk): & 0.90 (t, 6H), 1.15- 1.45
(m, 44H), 2.25 (s, 4H), 2.28-2.32 (m, 2H), 2.48-2.53 (m, 2H), 2.75-2.78 (m, 4H), 2.48-3.7 (m,
180H), 3.55-3.60 (m, 400H) 7.40-7.60 (m, 8H).

Triazole Conjugate-4 (7). DSPE-PEG5000-NH2 (2, 100 mg, 0.024 mmol) and
carbonyldiimidazole (4 mg, 0.120 mmol) were mixed together in 500 L DCM in a 2mL flask.

The solution was stirred at room temperature for 15 hours to yield 70% of the DSPE-PEG(5k)-
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imidazole conjugate. Then, DSPE-PEG(5K)-imidazole (13.31 mg, 0.0038 mmol) and Inhibitor-4
(2 mg, 0.0018 mmol) were mixed in DCM and stirred at 40°C overnight while monitoring the
reaction progress by TLC. The resulting solution was dried in vacuo and the residue purified by
silica gel column chromatography using a gradient mobile phase starting with 90:10 DCM: MeOH
and increasing in polarity to 83:17 DCM: MeOH. Yield, 28%; TLC: Rf = 0.80 (80: 20
DCM:MeOH); *H NMR (CDCk): & 0.90 (t, 6H), 1.15- 1.45 (m, 44H), 2.25 (s, 4H), 2.28-2.32 (m,
2H), 2.48-2.53 (m, 2H), 2.75-2.78 (m, 4H), 2.48-3.7 (m, 180H), 3.55-3.60 (m, 400H) 6.5-8.00 (m,

9H).

2.3.2 p97 purification

Deionized water was used to prepare all buffers. A 0.2 um filter was used to filter all buffers. The
p97 plasmid was transformed into E. coli Rosetta and purified as described?2. A single colony was
inoculated into 50 mL LB media containing 100 mg/L ampicillin and 15 mg/L chloramphenicol.
Inoculation of a 50 mL starter culture into 1L LB media containing 100 mg/L ampicillin was
incubated with shaking at 37 °C until the culture produced an ODeoo of 0.8. (~2.5h). The culture
was then cooled to 20°C and induced with 0.4 mM IPTG and the cell harvested after 15 hours. The
approximately 6 gm cell pellet from 2L of culture media was suspended in 30 mL lysis buffer (100
mM Tris, pH 7.4, 500 mM KCI, 5 mM MgCk, 20 mM imidazole, 5% glycerol, 2 mM -
mercaptoethanol, Roche protease inhibitor tablet) and lysed by six 30-second pulses of probe
sonication, separated by 2 min intervals.

The lysate was centrifuged at 20,0009 for 45 min at 4 °C and the resulting supernatant was loaded
onto three Ni-NTA columns (5 mL suspension) pre-equilibrated with wash buffer (50 mL, 50mM
HEPES, pH 7.4, 150 mM KCI, 5 mM MgClz, 20 mM imidazole)) and incubated at 4 °C with

rotation for 30 min. The column was then flushed with wash buffer (100 mL) and Hiss-tagged p97
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was eluted by stepwise application of 10 mL of imidazole elution buffer (50 mM, 100 mM, 150
mM, 200 mM, and 250 mM imidazole in wash buffer step wise). Protein concentrations were
determined for each elution. Fractions from the 150, 200 and 250 mM imidazole steps were
combined and concentrated with an Amicon Ultra-15 centrifugal fitter unit (NMWL = 100 kDa).
The mixture (1 mL of 20 mg/mL) was then fractionated with a gel filtration column (Superdex™
200), eluted with GF buffer (20 MM HEPES, pH 7.4, 250 mM KCI, 1mM MgCl) at 0.5 mL/min
flow rate, and fractions corresponding to 550 kDa were collected. p97 was exchanged into storage
buffer (20 mM HEPES, pH 7.4, 250 mM KCI, 1ImM MgClz, 5% glycerol), 500 pL of 5 mg/mL

p97 was aliquoted, frozen in liquid nitrogen, and stored at -80 °C.

2.3.3 TEM Grid Graphene Coating Procedure

We have used a pyrene solution to cover the maximum area of the TEM grids with a graphene
oxide single layer. A 0.100 mg/ml of 3 pL of a pyrene solution was applied on the dull side of a
lacey TEM grid and a 3 pL of 0.1 mg/ml graphene oxide was applied just before the pyrene
solution dried out. Then, the grid was incubated for 2 minutes. After this, the dull side of the grid
was washed three times and the shiny side was washed one time with a 3 L droplet of water

before drying and storing for lipid monolayer deposition.

2.3.4 Langmuir-Schaefer Lipid Monolayer Film Deposition on TEM Grid Surface

A stock solution of fluid phase lipid mixture composed of DSPE-PEG(5k)-inhibitor: mPEG750-
DSPE (1:99 mol%) was made in CHCIz at 1.0 mg/mL and stored at - 80 °C. A 5-8 pL aliquot of
the lipid mixture was spread at the air-water interface and compressed into their solid condensed
phase to a final surface pressure of 45 mN/m using a Langmuir trough. The condensed monolayer
was then deposited via Langmuir-Schafer transfer onto the TEM grid surface (Ted Pella) for

subsequent affinity capture of p97 (Figure 1).
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2.3.5 Negative Stain Procedure for Immobilized Protein Targets

A 0.100 mg/mL sample of p97 protein was applied to the grid surface, the sample incubated for
10-15 minutes, and then the grids were washed 5 times with 15 pL Tris buffer. A 3-5 pL drop of
1 % uranyl acetate was applied to the grid and incubated for at least 1 minute, then the excess
solution removed using the edge of a filter paper wedge and then grid was completely dried under
vacuum for 1 hour. Negatively stained images were recorded using a Tecnai T20 transmission

electron microscope operating at 200 kV.

2.3.6 Frozen Hydrated Samples Preparation for Cryo-EM

TEM grids surface functionalized with DSPE-PEG(5K)-inhibitor:mPEG750-DSPE (1:99 mol%)
monolayers were treated with 0.100 mg/mL of pure p97 and sequentially washed after incubation
as described above for negative staining. A final drop of 3 pL of buffer on the grid surface was
blotted for 8 seconds at 75-80 % humidity using a Cryoplunger-3 (FEI Company). The grids were
plunged into liquid ethane for cryo-fixation and imaged at 200 kV on a TALOS FC200
transmission electron microscope using low-dose techniques. The FEI CCD camera in the Talos

was used to record images.

2.3.7 Image processing

All raw movies were aligned and dose-weighted with the latest version of MotionCor2. From 625
summed movies, a total of 77,783 particles were picked after carefully going through automated
particle picking from Gautomatch. Particles were then extracted in RELION v3.0-beta before 2-D
reference-free classification in cryoSPARC v2.5. Results of 2-D classification indicated two
different particle states of the recombinant form of human p97; 1) single-ring (hexamer) and 2)
double-ring (dodecamer). The ab initio model for each particle state were built and subjected to

heterogeneous refinement, followed by homogenous refinement in cryoSPARC v2.5. A total of
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22,225 and 25,029 particles were used for the final 3-D reconstruction of the hexamer and
dodecamer particle states, respectively. To improve the resolution, each structure was subjected to
per-particle CTF-refinement, beam tilt correction, and Bayesian polishing, followed by 3-D
refinement in RELION v3.0-beta. The resolution for each particle state was further improved using

an in-house developed version of jspr.py. need to fix this

2.4 Performance of Inhibitor Modified TEM-Grid by TEM and Cryo-EM Analysis

Micrographs obtained from TEM analysis revealed disclosed that there are very few p97 particles
particles adsorbed onto bare grids and mPEG750 modified grids after 5 washes (Figure 6F). Our
data shows that the particle distribution on bare grids is almost the same as DSPE-mPEG750
functionalized grids which were used as control (Figure 4A-D). Based on these findings we
conclude that the brush regime of DSPE-PEG750 monolayers deposited on to the grid surface by
LS transfer are an effective means to avoid non-specific adsorption of p97 onto TEM grid surfaces.
Purified p97 (0.100 mg/mL) was used in this non-specific adsorption experiment. Grids coated
with mPEG750-DSPE monolayers showed agreatly reduced accumulation of p97 (Figure 6E, 6F).
The low abundance of p97 particles in this image highlights the antifouling properties of these
PEGylated surfaces. We infer from these findings that the non-fouling properties of the mPEG750-
DSPE brush monolayer makes it a good matrix for limiting non-specific adsorption onto inhibitor

modified grids.

Next, we sought to assess direct affinity guided interactions with inhibitor modified grids after
evaluating nonspecific adsorption of p97. First, we used a TECNAI-T20 microscope to monitor
p97 capture on grids bearing 1:99 and 3:97 mol% inhibitor : mMPEG750 lipid monolayers. A stock

solution of CHCl containing 99% mPEG750-DSPE and 1 % DSPE-PEG(5K)-Inhibitor were
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spread at air-water interface at room temperature. An incubation period of 5 minutes was used to
evaporation of CHCIls from the Langmuir trough water surface. The pressure-area isotherms for a
1:99 molar ratio of DSPE-PEG5000- Inhibitor:mPEG750-DSPE mixtures showed progressively
increasing surface pressures upon monolayer compression. We explain this observation such that
as the compression process proceeds, the lipid monolayer film reaches the brush regime at 45
mN/m from the initial mushroom regime. The 400 mesh TEM grid surface functionalized with
lipid film can be stored in room temperature for few months. The grids stained with 1%
UO2(OAC)2 revealed that 3% DSPE-PEG-inhibitor modified grid contained a higher density of p97
than 1% DSPE-PEG-inhibitor modified grids (Figure 8A and 8B). We infer from these negatively
stained images that sufficiently large areas of the grids were covered with stabilized mixed
monolayer (Figure 8A and 8B). Furthermore, it was observed be seen that there are still large areas
of the grids that are covered with p97 after 5 washes of buffer (Figure 7A, 7B, 7D and 7E),
indicating that the affinity for p97 was strong and specific since nonspecific interactions of p97
with the DSPE-mPEG750 surface were displaceable by extensive washing. Bare grids without
protein (Figure 6A), with 0.100 mg/mL protein including without washes (Figure 6B), 2 times and
5 times washed showed minimal p97 particle in the images (Figure 6C and 6D). TEM grids

functionalized with 100 %
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Figure 6: Characterization of non-fouling properties of DSPE-mPEG750.

A) Bare grid, No protein, B) without wash Bare grid, 0.100 mg/ml p97, C) 2 times washed Bare
grid, and 0.100 mg/ml D) bare grid and 0.100 mg/ml, 5 times washed E) Only mPEG750-DSPE
grid, 0.100 mg/ml, 2 times washed and F) Only mPEG750-DSPE grid, 0.100 mg/ml, 5 times

washed.
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Figure 7: Characterization of negative stained p97 captured by partial DSPE-PEG-Inhibitor-1 from
different concentration of target particle. Negative stained p97 captured by 1 % DSPE-PEG-
Inhibitor-1 from 300 pg/ml (A), 200 pg/ml (B), 100 pg/ml, D) 75 pg/ml, (E) 40 po/ml, F) 15
pg/ml - concentration
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mMPEG750-DSPE including 0.100 mg/ml plus 5 times washed (Figure 6E)

Figure 8: Characterization of negative stained p97 captured by different partial DSPE-PEG-
Inhibitor-1. Negative stained p97 captured by 1 % DSPE-PEG-Inhibitor-1(A), 3 % DSPE-PEG-
Inhibitor-1 (B), 2C) Low magnification micrograph of 1 % DSPE-PEG-Inhibitor-1 grid in titan,
D) Cryo EM micrograph of p97 of 1 % DSPE-PEG-Inhibitor-1, (E) and F) Low magnification
image of 1 % inhibitor modified TEM grid in Cryo-EM.

showed much fewer particles than 2 times washed, further indicating nonspecific interaction of
p97 with the grid surface. p97 captured on grids bearing 1:99 and 3:97 mol% DSPE-PEG5000-
Inhibitor-1:mMPEG750-DSPE  monolayers were clearly demonstrated by TEM (Figure 7).
Micrographs from grids revealed a uniform, concentration-dependent p97 distribution on the
surface (Figure 7A-F). These findings indicate that p97 targets can be captured in an Inhibitor

concentration-dependent manner, with higher Inhibitor loadings (3 mol%) producing greater target

protein concentrations (Figure 7B) than 1% loadings on the grid (Figure 7A). We also have
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observed that 1% DSPE-PEG5000-Inhibitor-1 monolayers can detect p97 from less than 15 pg/ml

concentration (Figure 7F).

2.5 Results and Discussion

Cryo-EM Processing and Assessment.

Particles captured by inhibitor modified lipopolymer were frozen onto graphene coated lacey
carbon EM grids. Samples were examined with a Titan Krios electron microscope (FEI). A cryo-
EM dataset generated a dodecamer map of p97 with a resolution of 3.64 A (Figure 11 B, D) and
hexamer map 4.33 A (Figure 11 A, C)based on the “gold-standard” Fourier shell correlation (FSC)
using the FSC = 0.143 criterion. We compared our p97 3.64 A resolution cryo-EM map with

published p97 2.3 A resolution?3 to verify accuracy using D6 symmetry.
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Figure 9: Intermediate stages in structure determination of wild-type p97. A) and B) displaying
p97 homohexamers and dodecamer in different orientations corresponding to our resolved density
map; C) 2D class averages showing that both top and side views of dodecamer map of p97.
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Figure 10: Image processing of p97. (A) Reference-free 2-D classes averages showing different
views of both hexamer and dodecamer states represented in the data. (B) Fourier Shell Correlation
(FSC) plots. Shown in blue and green is the FSC curve between two independently refined halves
of the hexamer and dodecamer states, respectively. The dashed-line (red) represents the gold-
standard FSC=0.143 criterion. The X (1), Y (2), and Z (3) axes views are shown for the (C)
hexamer and (D) dodecamer p97 states.

As compare to 2.3 A resolution of p97 map?3, we found substantial difference in our density map.
We infer from our findings that the electron density map at 3.64 A resolution reveals the two p97

homo-hexamers are linked through D1 domains which are very similar to p97 model when it is
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stacked together through the D1 domains (Figure 12 D and resolution for N domain has been lost

(Figure 12 A, B). We have found six different densities around D1 domain around D1 domain.

Figure 11: 3.64 A Resolution density map of p97 A) Top View, B) Bottom view and, C) Side view

As expected, we used a long PEG spacer to avoid potential preferred orientations of p97 that may
occur if the tether length between the protein and surface is too short. We infer from our finding
that inhibitor modified lipid coated TEM grid specifically capture p97 with different orientation
for conformational change (Figure 10 A-B). We further analyzed the structure to find out newly

found densities and how inhibitor binds between the domains. Additional structure (electron
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density) information seen in our cryo-EM maps vs. Subramaniam map(s) and comparison to other
known structures of p97 shown in figure-14. The structural intermediates of p97 are shown in
figure 15. We also reconstructed homo-hexamer of p97 by masking one ring of dodecamer at 4.33
A which looks identical to the density map resolved at 2.3 A. The implication of this differences
is not clear at this time. The key interaction of indole derivative part wasn’t resolved for low

resolution different domain junctions.
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Figure 13: Comparative density map of p97 at 2.3 A and 4.33 A. Marked by orange color shows
N domain (marked) in A) top view at 2.3 A reconstructed by Subrahamium et al, B) top, C) bottom
view, dark green shows extra density. D) side view at 2.3 A and E) at 4.33 A resolution of p97.
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Figure 14 Additional structure (electron density) information seen in our cryo-EM maps vs.
Subramaniam map(s) and comparison to other known structures of p97. Top/bottom and side
views of (A) C6 and (B) D6 structure states. (C) Model-map FSC curves of each structur
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Figure 15 Structural intermediate states of p97.

2.6 Conclusions

A library of inhibitor-modified lipopolymers was made where PEG was conjugated to a lipid
anchor and an inhibitor for use as an affinity ligand. We have synthesized four drug conjugates
composed of a flexible water-soluble polyethylene glycol 5000 unit attached to 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine at one end of the polymer and four different drug candidates at
the other end of the polymer to provide a high affinity interaction with p97 and concentrate it at
the grid surface. Our inhibitor modified affinity approach was performed to work for capturing
non-engineered proteins as expected. A long PEG spacer is used in this case to avoid potential
preferred orientations of p97 that may occur if the tether length between the protein and surface is
too short.

As mPEG750-DSPE was shown to work as a non-fouling surface to avoid nonspecific adsorption

of p97, we used 1 mol% of DSPE-PEG(5k)-Inhibitor in an mPEG750-DSPE matrix to avoid
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protein aggregation. We anticipate that this inhibitor modified affinity approach can be used to
capture any target particle from cell lysates using ligands with high affinity for the desired protein

target.
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CHAPTER 3. POLYROTAXANE-BASED ROD-SHAPED SCAFFOLD
APPROACHFOR SINGLE PARTICLE RECONSTRUCTION
ANALYSIS

3.1 Project Overview

Single particle reconstruction (SPR) analysis of cryoelectron microscopy (cryoEM) data is a
rapidly growing method for determining the near-atomic molecular structures of biological
samples’-4. The reason behind this growing interest in the SPR technique are greatly reduced
demand for sample, the capacity to image large, multi-protein complexes that are embedded within
cryofixed samples that are several hundred nanometers thick; and improved safety in instances
where the sample is of pathogenic origin. Nonetheless, SPR requires large single particle
populations, automated class-averaging methods, and advanced computational approaches to
achieve near-atomic resolution.>” Increased sampling is somewhat addressed by microscope
automation and direct detection®-10, Improvements in sample preparation and reliability are still
lacking, however, despite efforts to develop different types of “affinity grids”, 1" modified
graphene,® 18 and engineered 2D protein arrays!®.

A big challenge for cryo-EM reconstruction is that the method often needs around 100,000
or more images of the target particle at near atomic resolution. Since, cryo-EM technique requires
target biomolecules in the microgram to milligram per milliliter range, this makes data collection
a big challenge. Thus, accelerated SPA by cryo-EM highly demands to develop the materials and
methods that can provide higher probability of viewing the target particles in the vitrified sample.

Therefore, we develop novel material that concentrates the rare biological sample onto a rod-

like scaffold prior to deposition onto the TEM grid and actively discourage non-specific protein
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adsorption, while enhancing the capture and random presentation of target proteins on the rod-like

scaffold. Overall scheme of project is shown in figure 1.

Step Example Data Evaluations
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* Particle size and shape
e Negative Stain

* Particle Distribution in
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Figure 16: A systematic approach to high resolution p97 structure is shown. In left column, all
steps are listed. In middle column, example data are shown for affinity grid approach for p97 (Scale
bar are not shown). The right column shows the specific experiment method used for that step.

3.2 Design of Polyrotaxane Based Rod Shaped Scaffold approach

We targeted the generation of new tools for rapid cryoEM sample preparation for single
particle 3D reconstruction that can preserve labile protein-protein interactions that are lost in

traditional sample preparation methods. These unmet challenges discussed above encourage us to
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synthesize polyrotaxane (PR) materials, a class of supramolecular structures where few
macrocycles such as cyclodextrins are threaded onto a linear polyethylene glycol (PEG) polymer
that has been subsequently end-capped with bulky substituents to prevent dethreading of the
macrocycle(s)?9-24. The macromolecules are also bound to nitrilotriacetic acid (NTA) ligands that
will limit non-specific protein adsorption, maximize target protein capture so that they can be
employed in cryoEM SPR.

These polyrotaxane materials possess improved beneficial properties due to the non-covalent
interactions between polymer (PEG) axle and macrocycle, such as their flexible lateral and
rotational mobility of the threaded cyclodextrin that enable their adaptation to the steric demands
of the adsorbate. This should result in more unbiased orientations of the concentrated His-tagged
protein, a feature that is essential for elucidating its high-resolution structure with cryoEM SPR.

The fundamental aspects of this materials are application of affinity NTA ligands for
concentrating of His-tag proteins onto the rod-like scaffold to non-specific protein binding; long,
flexible poly(ethylene glycol) (PEG, MW-20,000) tethers between the rod surface plus the NTA
affinity ligand to avoid biased sample presentation with respect to the electron beam; and
minimization of neighboring protein-protein steric interactions via laterally- and rotationally-

adaptable rod-like polyrotaxanes
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Figure 17: Conceptual diagram of His-Tagged protein bound to the NTA modified polyrotaxane
scaffolds.

This strategy employs the NTA:Ni2*:polyhistidine recognition principle on a polyrotaxane

based template that contains several laterally- and rotationally-mobile  lysine-Ng,Ng-
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di(carboxylmethyl)-o-cyclodextrins (LysNTA-o-CD) the to concentrate histidine-tagged proteins
on a spatially well-defined scaffold for single particle analysis by cryo-EM. These materials are
designed the have good solubility in relevant biological buffers and facilitate SPR of his-tagged
proteins since: 1) data collection is accelerated by protein concentration bound to polyrotaxane -
NTA surface rather than randomly distributed in solution; (2) polyrotaxanes possesses a constant

diameter template at the threaded cyclodextrin core.

1. Hy0, 0°C, 1 hour, sonication
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Figure 18: Synthesis scheme for NTA-a-CD:PEG Polyrotaxane.
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3.3 Experimental
3.3.1 Synthesis and Characterization of Polyorotaxane Construct

A fluorescein-capped polyrotaxane containing 20,000 PEG units as the axle and a-CD as
the macrocycle was synthesized by threading o-CD into PEG chain in aqueous solution followed
by rotaxanation via reaction of 5-zzidofluorescein with PEG-bis-alkyne. The polyrotaxanes were
isolated by dialysis bag and desalting column. All procedures to develop complete polyrotaxane
construct was adapted from work done by Kyle J Wright.
Fluorescein-capped-PEG-a-CD polyrotaxanes (9). a-CD (2.0 g, 2.056. mmol) was dissolved in
200 mL of deionized H:0, then PEG-bis-alkyne (0.300 gm, 015 mmol) was mixed with the a-CD
in solution. The mixture was sonicated for two hours under nitrogen gas at room temperature to
form a gel-like substance which was stored in the fume hood for 30 hours. 5-Azidofluorescein in
0.500 mL DMSO (38 mg, 0.102 mmol) was added and the solution was stirred for 30 min. A
mixture of 1.0 M CuSOg4 solution (25 pL, 0.025 mmol) and 1.0 M sodium-L-ascorbate solution
(50 pL, 0.050 mmol) was added via syringe and the solution was stirred for 60 hours at room
temperature. The reaction mixture was centrifuged, the supernatant was removed, and the
centrifugate was resuspended in 5% EDTA solution and centrifuged. This 5% EDTA treatment
was repeated for two times to remove free copper (II) and copper (I). The reaction mixture was
washed away with water via 2000 rpm centrifugation, then product was dialyzed with molecular
weight 20000 cut off dialyzing bag again DMSO and water for 4 and 5 days respectively. The
resulting product was lyophilized to yield a yellow powder of polyrotaxane. Yield: 0.400 gm, H
NMR (500 MHz, DMSO-ds) § 8.00 — 8.12 (m, 1H), 8.20 — 8.40 (m, 1H), 8.45—8.60 (m, 1H) 5.50
(d, a-CD-OH), 5.43 (s, 0-CD-OH), 4.78 (s, a-CD-OH), 4.50 (t, a-CD-C1-H), 3.90 — 3.08 (m, o-

CD and PEG).
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TMSE-NTA-Modified-Fluorescein-capped-PEG-a-CD  polyrotaxane (10). Fluorescein-
capped-Polyrotaxane was dried in a round bottom flask under high vacuum at 50 °C for 4 days.
Dry DMSO (10 mL) was added to a 50 mL round bottom flask containing the dried polyrotaxane
(0.250 g) and N,N'-carbonyldiimidazole (CDI, 0.300 g). The reaction mixture was allowed to stir
for 30 hours at room temperature under Ar gas. The mixture was precipitated using a cold ether-
THF solution mixture, then the NTA intermediate (0.100 gm, 0.181 mmol) was added to mixture
mn 3 mL dry DMSO and triethylamine (0.080 puL) and the reaction stired for 30 h at room
temperature under Ar. The product was purified by dialyzing (molecular weight cut-off 10 kDa)
against DMSO and deionized water for 72 hours and 48 hours, respectively. Then the product was
lyophilized to give the protected NTA-modified polyrotaxane as a powder. Yield: 0.115 g. 'H
NMR (500 MHz, DMSO-ds) § 7.90 — 8.10 (m, 1H), 7.80 — 7.88 (m, 1H), 7.00— 7.20 (m, 1H) 5.50
(d, a-CD-OH), 5.43 (s, a-CD-OH), 4.78 (s, a-CD-OH), 4.50 (t, o-CD-C1-H), 4.47 (s, 3H), 4.21 —
3.99 (m, 6H), 3.90 —3.08 (m, a-CD and PEG), 3.53 (s, 4H), 3.33 (t, J = 7.5 Hz, 1H), 2.74 (t, J =
7.0 Hz, 2H), 1.63 (dd, J = 14.6, 7.9 Hz, 2H), 1.52 (tt, J = 17.2, 9.3 Hz, 3H), 1.37 — 1.27 (m, 1H),
1.06 — 0.70 (m, 5H), -0.03 (d, J = 4.2 Hz, 25H).

NTA-Modified-Fluorescein-capped-PEG- «a-CD polyrotaxane (11). 1.0 M TBAF in THF
(0.200 mL) was added to 1 mL DMSO-THF mixture. Compound, 8 (0.100 g) was dissolved in this
DMSO-THF mixture. The reaction mixture was stirred at room temperature for 7 hours. The
reaction mixture was purified via dialysis (molecular weight cut-off 10 kDa) against DMSO and
water for 48 hours and 72 hours, respectively. Fluorescein-capped-NTA-Polyrotaxane was
recovered by lyophilization. Then, the product obtained was further purified by Sephadex G-25
gel filtration column chromatography using deionized water as eluent. Pure Polyrotaxane, 8 was

collected by lyophilization. H NMR (500 MHz, DMSO-ds) 6 7.90 — 8.10 (m, 1H), 7.80 — 7.88
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(m, 1H), 7.00 — 7.20 (m, 1H) 5.50 (d, a-CD-OH), 5.43 (s, a-CD-OH), 4.78 (s, a-CD-OH), 4.50 (t,
a-CD-C1-H), 4.47 (s, 3H), 4.21 — 3.99 (m, 6H), 3.90 — 3.08 (m, a-CD and PEG), 3.53 (s, 4H),
3.33 (t, J= 7.5 Hz, 1H), 2.74 (t, J = 7.0 Hz, 2H), 1.63 (dd, J = 14.6, 7.9 Hz, 2H), 1.52 (tt, J = 17.2,
9.3 Hz, 3H), 1.37 — 1.27 (m, 1H), 1.06 — 0.70 (m, 5H).

HoN-Lys-NTA-(OTMSE). A mixture of lysine NTA intermediate (10.62 g, 26.8 mmol), 2-
(trimethylsilyl)ethanol (19.01 g, 160.8 mmol) and DMAP (2.45 g, 20.1 mmol) were added to an
dried 250 mL round bottom flask equipped with a magnetic stir bar and a rubber septum. The
mixture was dissolved in a 4:1 DMFpyridine solution (250 mL) and cooled down to 0 °C in an
ice bath and EDC (16.22 g, 84.6 mmol) was added. The solution was stirred for 30 hours and
gradually warming to room temperature. The solution was concentrated and dissolved in Et20O (200
mL), filtered, and the filtrate was extracted with 5% HCI (80 mL) twice. The organic phase was
dried over anhydrous MgSOu, concentrated, and purified by column chromatography using 4:1
hexane:EtOAc as eluent. The pure fractions were combined, concentrated and dried in vacuo to
give the NTA-(OTMSe) intermediate as a clear oil. Then, NTA-(OTMSe) intermediate (0.743 g,
1.31 mmol) was suspended in DCM (35 mL). DIEA (0.171 g, 1.32 mmol) was added via syringe
followed by succinic anhydride (0.198 g, 1.98 mmol) and the solution stirred for 30 hours under
N2 at ambient temperature. The solution was concentrated and redissolved in Et2O (150 mL). The
solution was extracted with 0.1 M HCI (50 mL) twice, then the ether phase was dried with
anhydrous MgSQa, concentrated, and purified using a gradient of 8 % MeOH/DCM to 20 %
MeOH/DCM. The pure fractions were combined, concentrated and dried in vacuo to give
Compound NHz-Lys-NTA-(OTMSe) as a clear oil. Yield: 0.805 g (92.0 %). *H NMR (500 MHz,
CDCh) & 9.22 (s, 1H), 6.70 (s, 1H), 4.13 (dd, J = 11.1, 5.6 Hz, 6H), 3.73 — 3.62 (m, 1H), 3.56 (d,

J=125Hz 3H), 3.38 (t, J = 7.5 Hz, 1H), 3.21 (dd, J = 12.0, 5.5 Hz, 2H), 2.61 (dd, J = 13.9, 7.0
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Hz, 3H), 2.52 (d, J = 6.3 Hz, 2H), 1.79 — 1.60 (m, 2H), 1.58 — 1.34 (m, 4H), 1.32 — 1.10 (m, 1H),
0.95(q, J = 8.1 Hz, 6H), -0.00 (d, J = 4.7 Hz, 25H).

Ni2* activation of NTA-polyrotaxane. Polyrotaxane (12) (20 mg) was dissolved in 0.2 mL of 20
mM Ni?* solution and the excess Ni?* removed by mini gel filtration Bio-Rad column (Cut-off

MW 10,000 da). After lyophilization, the Ni¢* activated PR was obtained as a solid (12 mg).

3.3.2 Preparation of Polyrotaxane-modified grid for TEM

1 mg/mL of polyrotaxane-NTA-N##* and different concentrations of p97 mixture were
applied to glow discharged lacey/UC lacey girds followed by washing the grids 2-3times with 15
pL Tris buffer. A 3-5 puL drop of 1 % uranyl acetate was applied on the grid and ncubated for at
least 1 minute, then excess solution was removed using a wedge of filter paper and completely
dried under vacuum for 1 hour. Negatively stained images were recorded using a Tecnai T-20

transmission electron microscope operating at 200 kV.

3.3.3 Preparation of Frozen Hydrated Samples for Cryo-EM.

For cryo-EM imaging, 4 uL of a mixed solution of 200 nM 11-Ni#*- p97 (3.0 pM 2:1 hise-
tagged-p97: a-CD stoichiometry) in 10 mM Tris buffer (pH 7.4) were spread onto glow discharged
UC/Lacey grids then plunge-frozen in liquid ethane with 7 second blotting time using cryo-

Plunger-3 (CP3).

3.3.4 Image Processing

A cryo-EM dataset using 25,000 particles that generated a map with a resolution of 10.56 A.
A total of 10,000 isometric particles were boxed from 30 images. 2D classification was performed
with the Relion program to select 25,000 particles. The jspr program was used to generate initial

model and refinement of the particle orientations, assuming C6 symmetry. The final 3D cryo-EM
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reconstruction has an overall 10.56 A resolution, based on the “gold-standard” Fourier shell
correlation (FSC) using the FSC = 0.143 criterion. We have chosen 2 class averages from total 50
class averages to produce an initial model that imposed with C6 symmetry (Figure 7 C). We have
produced a gold standard (0.143 criteria) density map with 10.56 A resolution requires several

refinement iterations using conservative masking. An uneven distribution of defocuses in

micrograph visible nodes in the FSC curve at regular intervals (Figure 7 B).

3.4 Result and Discussion.

Polyrotxanes were analysed by NMR to evaluate comparative threading efficiency and
molecular weight. The threading efficiency of unmodified polyrotaxane, 9is 26 (11%) is based on
hypothesis that each CD unit can occupy maximum of two PEG units from 227 units long PEG
polymer chain, then threaded CD number decreased to around five copies in NTA modified
polyrotaxane, 11. 'H-NMR analysis of Compound, 10 reveals that there are four NTA group per
cyclodextrin. NMR data for Compound 10 and 11 collectively shows that there are around 20 NTA
groups per polyrotaxane. *H-NMR analysis was also used to evaluate the threading efficiency of
cyclodextrin onto PEG axle. We infer from these findings that threaded CD number was 65, which

decreased to 25 in the second step and 5 in final step to give an estimated molecular weight of 36

kDa.
Entry PEG MW Threading % CD’s Threaded | MW (NMR)
9 27 635 83.1 kDa
10 20000 (227 [ 11 26 102.3 kDa
11 PEG Unit) 2 5 35kDa

Figure 19: Characterization of NTA-Modified Fluorescein-Capped Polyrotaxanes
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To quantify the Ni** chelation capacity of 12, the total Ni?* content bound to NTA was
analyzed by ICP-MS. A solution of 20 mM NiSO4 was added to 11, followed by isolation and
purification via Bio-Rad desalting column (MW cut off 10000). ICP-MS analysis of the purified
material revealed a Ni?* content corresponding to approximately 6 NTA units per polyrotaxane.

In order to evaluate potential application of polyrotaxane-NTA-Ni¥* complex for single
particle analysis, first we performed negative stained imaging was performed using p97 in Tecnai-
T-20. Negative stained imaging of 11-Ni#*-p97 complex showed appearance of rod and coiled
shaped structures. Micrographs obtained from the TEM analysis disclosed that there are three to
eight particles that are distributed along a linear configuration (Figure 4C), while some assemblies
were also organized in coiled shape (Figure 4A, 4B). We have analyzed 11-Ni#*-p97 complex by
keeping the polyrotaxane concentration constant and varying the p97 concentration as our
hypothesis is that concentrated target particles onto polyrotaxane scaffold can be easily visualized
with fixed concentration of polyrotaxane. When 1 mg/mL of 11-Ni#* and 0.400 mg/mL of p97
mixture was applied on a glow discharged lacey grid, a lot of rod-shaped particles orientation are
observed clearly (Figure 4D). In some cases, around 12-15 particles in a line were observed. Our
hypothesis is that a high concentration of particles may increase particle-particle interaction,
leading to two or more rods to become associated combine. When the protein concentration
decreases from 400 to 300 pg/mL, more-clear lincar and circular orientation of particle’s were
observed (Figure 4A, 4B and 4C). Raw images from 0.400 mg/mL (Figure 4E) and 500 pg/mL
(Figure 4F) of p97 onto glow-discharged lacey grid are shown as controls.

Next, a cryo-EM study of 11-Ni#*-p97 complexes was performed. 11-Ni2*-p97 modified
grids were prepared using a 7 second blotting time prior to cryofixation via cryo-Plunger-3 (CP3).

It was hard to identify concentrated p97 onto the polyrotaxane scaffold as highly concentrated p97
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mixed with 11-Ni?*was applied on glow discharged lacey carbon grid (Figure-5A). Our hypothesis
is that excessive amount of p97 was non-specifically adsorbed on grid surface, making it difficult
to distinguish between free and bound p97. When the protein concentration was decreased,

particles  around the polyrotaxane  scaffolds were more clearly  visualized.

Figure 20: Glow discharged lacey carbon grid coated with different ratio of Polyrotaxane-NTA-
Ni2*: p97. Raw TEM image displaying p97 hexamer particles; several representative molecular
images are circled, captured from mixture of (A) 3 UL of 1 mg/mL polyrotaxane-Ni¥* and 3 pL of
300 pg/mL of p97, (B) 3 uL of 1 mg/mL polyrotaxane-Ni?* and 3 pL of 350 pg/mL of p97, (C) 3
UL of 1 mg/mL polyrotaxane-Ni¥* and 3 pL of 400 mg/mL of p97, (D) 3 yL of 1 mg/mL
polyrotaxane-Ni¥* and 3 pL of 1 mg/mL of p97, (E) 3 yL of 500 pug/mL of p97 applied on glow
discharged lacey grid, (F) 3 pL of 1 mg/mL of p97 applied on glow discharged lacey grid.

Figure 5B and 5C shows 6-8 particle’s concentrated on scaffolds where 5D shows 12 to 20

particles onto scaffolds, which reflects the likelihood that higher concentration may have increased
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protein-protein interactions leading to p97 scaffold aggregation. When the particle concentration
was lowered (300 and 200 pg/mL), the particle density showed many more linear configuration
(Figure 6A, D and 6B, E). Figure 6C, F shows that the polyrotaxane scaffold didn’t collect enough

p97 to concentrate well onto the grid surface.
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Figure 21: Glow discharged lacey carbon grid coated with different ratio of Polyrotaxane-NTA-
Ni#*p97. Raw image displaying p97 hexamer particles; several representative molecular images
are circled, captured from mixture of (A) 3 uL of 1 mg/mL polyrotaxane-Ni2* and 3 pL of 1 mg/mL
of p97, (B) 3 L of 1 mg/mL polyrotaxane-Ni2* and 3 pL of 400 ug/mL of p97, (C) 3 L of 1
mg/mL polyrotaxane-Ni#* and 3 pL of 500 pg/mL of p97, (D) 3 yL of 1 mg/mL polyrotaxane-
Ni2* and 3 pL of 600 pg/mL of p97 on glow discharged lacey grid.
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Figure 22: Glow discharged lacey carbon grid coated with different ratio of 9-N¥+;p97. Raw image
displaying p97 hexamer particles; several representative molecular images are circled, captured
from mixture of (A,D) 3 L of 1 mg/mL polyrotaxane-Ni¥* and 3 pL of 300 pg/mL of p97, (B,E)
3 L of 1 mg/mL polyrotaxane-N##* and 3 pL of 200 pg/ml of p97, (C,F) 3 pL of 1 mg/mL
polyrotaxane-Ni¥* and 3 pL of 100 pg/mL of p97 on glow discharged lacey grid.

Taking negative stained and cryo-EM imaging data in consideration, we infer from our results that
there are linear, spherical and coiled shaped arrangements of polyrotaxane:p97 complex.

In order to further evaluate the ability of polyrotaxane compound to employ lateral and
rotational motion of adsorbed particles to avoid preferred p97 orientations, we have performed 2D

classification of datasets collected using the TALOS FEI camera and processed via cryo-SPARC.
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FSC Resolution: 10.564

= No Mask (124)
— Spherical (114)
= Loose (114)

334 164 114 8.24

Figure 23: Intermediate stages in structure determination of wild-type p97. (A) 2D class averages
showing that both top and side views are represented in the data, (B) gold standard (0.143 criteria)
density map with 10.56 A resolution using conservative masking, (C) Sections through cryo-EM
density map of native p97 from ab initio model.

2-D reference-free classification in cryoSPARC shows top view and side view of p97 (Figure 7A)

which generated ab initio model with a resolution of 10.56 A of p97 (Figure 7C).

3.5 Conclusions

A polyrotaxane molecule based on a 20,000 PEG core, alpha cyclodextrin beads and fluorescein
as end cap was synthesized. Our polyrotaxane scaffold is expected to work for concentrating any
his-tagged particle on TEM grid. According to our expectation, we have seen from NMR that every
scaffold may have maximum 20 NTA which can capture as many as 20 his-tagged particles which
is consistent without negative staining and cryo-EM imaging observations. Our anticipation was

that rotational and lateral flexibility of alpha cyclodextrin units threaded onto the PEG axle may
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help to avoid preferred orientation of particle which agrees with cryo-EM imaging and

reconstruction of p97. Our findings are consistent with this expectation.
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Figure 25:'H-NMR of Conjugate-2



64

g 38sa0n 5 mafee 5 oss s
I e i N 1
f c
e o a
P P e : H
a \/\/\/\/\/\/\//\/\)\L/'D\O:Z-'.’\/\sM\/«h NNY\J\h "‘“O HN :
N= [+3
b 2 S— i S -
g3998 o
Y/
TL[F b
PEG | THF
PEG
T - ;__
366 364 362 3.60 358 356 354 352 3.
J‘ WV\MJ &
pov R ; A\ A boel™
B
80 7.5 “70 65 6.(1 u
C
T m R e LR Lo w
8 8 H g a8 : 3
80 75 70 65 60 5.5 50 45 40 35 25 20 15 10 05 00

Figure 26: H-NMR of Conjugate-3
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Figure 28: 'H-NMR of Compound-9
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Figure 29: 'H-NMR of Compound-10
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Figure 30: *H-NMR of Compound-11



