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Abstract
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Jens Gundlach
Department of Physics

Protein nanopores form nanometer-sized holes in a lipid bilayer and are widely used as
analytical tools to study the flow of ions and other target molecules through them. Recent
advancements in nanopore technologies have enabled use of nanopores for nucleic acid
sequencing, peptide or protein analysis, and small-molecule identification and filtration.
Custom designed nanopores are a promising area of research that may lead to increased
accuracy and specificity of nanopore assays, or enable assays that are not possible or
otherwise unknown with the existing library of protein nanopores. Designing protein
structures de novo requires two steps: designing protein backbones that will result in
the desired function, and identifying amino acid sequences that will fold into the desired
backbones at their lowest energy states. In chapter 1, I introduce the geometrical and
energetic considerations in building protein backbones, with a central channel and a de-
fined sensing region, for the membrane. Using the Rosetta framework, I present de novo
design strategies of oligomeric aqueous a-helical channels around an ion-channel filter and
transmembrane [-barrels. I show the results of biochemical validation of hexameric aque-
ous a-helical channels, and the ion-conductance properties of the first de novo designed

8-stranded transmembrane [-barrel. This work is a step towards reducing our depen-



dence on naturally occurring ion-channels that are challenging to modify, and towards
creating entirely de novo nanopores with an un-naturally optimal fit for their targets. In
chapter 2, I present the application of a naturally occuring nanopore to investigate the
helicase found in Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Non-
structural protein 13 (nsp 13) helicase is involved in the replication of the SARS-CoV-2
genome and a potential drug target for antivirals. Single-molecule Picometer Resolution
Nanopore Tweezers (SPRNT) is a new technique that uses MspA, a biological nanopore,
to monitor the movement of single enzyme molecules on DNA at high spatiotemporal res-
olution. Using SPRNT, I present the first single-molecule assay to monitor the kinetics of
single-nucleotide steps of the SARS-CoV-2 helicase, nsp13. This assay provides a single-
molecule platform for understanding how antiviral compounds affect nsp13 function and

glean insights for their development.
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Chapter 1

De novo design of nanopore-like

architectures

1.1 Introduction

Nanopore sensing

A nanopore is a nanometer-sized hole in an insulating material. Ions and charged
molecules can be driven through the pore by electrophoresis. These molecules alter the
flow of the ionic current through the pore depending on their shape, charge and interac-
tions with the pore. The amplitude and duration of these current blockades can be used

to identify them.

In DNA sequencing by a nanopore, single-stranded DNA molecule (1-nm wide) is threaded
through the constriction (0.5 nm by 1.2 nm wide) of Mycobacterium smegmatis porin
A (MspA) [1]. The nucleotides fit through the constriction of the pore in such a way
as to tell the difference between sets of 3-4 nucleotides [2-4]. MspA is exceptionally
well suited for this measurement as the constriction closely matches the size of DNA.
Similarly, polypeptides occupy different regions in the v-shaped Fragaceatoxin C (FraC)
nanopore, 6-nm wide, creating recognizable current blockades. On the other hand, un-
folded polypeptides translocate through the constriction of FraC, 1.5 nm wide, and block

the pore in a manner that corresponds to their difference in molecular weight [5].
Engineered nanopores

While MspA’s fortuitous geometry allows sensitive recognition of DNA bases, the wild-
type (WT) pore has been engineered to favor interaction with negatively charged DNA.

But to achieve single base resolution, better control of the chemical and physical proper-



ties of the constriction zone of MspA are needed. MspA is a symmetric homo-octamer
[-barrel and an assymetric constriction site can be engineered in a single chain version.
However, single chain constructs misfolded and only a dimer subunit could be engineered
[6]. Similarly, charge environment at the constriction of FraC was tuned to allow the
translocation of oppositely charged polypeptides. So far, the geometry and resilience to
mutation of these pores has allowed them to be used as a nanopore. In some cases, dras-
tic structural changes such as removing domains or varing the number of subunits has
been possible [7,8]. Still, it is not always easy to anticipate how changes to a protein’s
amino acid sequence might influence its stability, structure and function. The complex
networks of amino acid interactions have evolved through eons of natural selection. Thus,
enhancing existing nanopore technology, or accessing new functions is limited by available

channel conformations.
De novo design

De novo protein design provides a new way to investigate the determinants of protein
folding and stability on a global scale [9]. Modifying proteins from nature usually has the
problem of having to discern which amino acids support function, lead to fragility and
have resistance to modification or change. Though strenuous to create, de novo designed
proteins can eliminate this problem and provide a minimal framework on which to build
function. Ultimately, a tractable design process for nanopores is one in which the roles
of each individual amino acid are more easily determined and controlled [10,11]. The
de novo design of membrane proteins lags behind that of water-soluble globular proteins.
This is due to our gaps in knowledge for the determinants of protein folding in a mem-
brane environment and the experimental difficulty associated with studying membrane
proteins in lipids or detergents. So far, de novo design of membrane nanopores has been
limited to the design of short a-helical, self-assembling oligomers [12,13]. This is owing to
the designability of coiled coils which are analgous to their membrane spanning counter-
parts. Mahendran et al. (2017) demonstrated the spontaneous formation of an octameric
transmembrane ion channel from a 35 amino-acid peptide sequence modified from the
membrane domain of Wza pore. Notably, they observed that the peptide channel was
dynamic with a ‘precursor’, low and high conductance state in single channel experiments.
Joh et al. (2014) designed a de novo four-helix bundle held together by hydrophobic inter-
actions and a central channel lined by negatively charged residues and histidines. They
demonstrated that the helices self-assemble in membrane and dynamically conduct first

row transition metal ions (Zn**, C'o**) but not C'a*.
De novo design strategies for nanopores

Membrane channels inhabit three chemically different environments simultaneously - hy-

drophobic lipid bilayer, lipid-water interface, and polar water. The outer surface of the



protein is surrounded by hydrophobic carbon chains of phospholipids, steroids and other
membrane proteins. In the membrane core, there is no opportunity for hydrogen bonding
between non-polar lipid tails and the protein backbone; thus, intramolecular hydrogen
bonds contribute greatly to stable conformation of membrane proteins. Next, at the
lipid-water interface there is a diverse environment with opportunities for dipole-dipole
interactions and hydrogen bonding. Finally, membrane channels could contain a passage
large enough for water or ions through them and also large domains that extend into the

water surrounding the membrane.

The two principal structural motifs found in membrane ion channels are a-helical bundles
and [-barrels, as shown in Figure 1.1. a-helical bundles are oligomers of transmembrane
helices that are tightly associated via van der waals and inter-helix hydrogen bonding
between pairs of polar residues. [-barrels are single closed [-sheets consisting of an
even number of anti-parallel S-strands. In this conformation, neighboring strands are
connected by intramolecular hydrogen bonds between the hydrogen bond donors and

acceptors in the polypeptide backbone.

Figure 1.1: Two types of membrane architecture: An a-helical bundle (Orange, PDB ID:
1BLS8) and a (-barrel (Blue, PDB: 1QJP). Membrane boundary is shaded in gray.

At the minimum, a nanopore spontaneously assembles in membrane and forms a rigid

channel preferrably with a constriction. While the a-helical bundles can form a v-shaped



geometry, [-barrel proteins are limited to a cylindrical lumen [14]. In exceptional cases,
like MspA (PDB ID: 1UUN), oligomeric 3-sheet proteins with multiple domains assemble
into a funnel geometry [15]. Spontaneous insertion of membrane proteins in lipid bilayers
in very dilute solutions have been reported in the case of many monomeric and oliogmeric
outer membrane [-barrel proteins [1,2,16-18] and a few membrane a-helical peptide
barrels [5,12,13]. Typically, both require the assistance of protein folding machinery or
liposome-mediated insertion into planar bilayers [19-22]. The specificity and stability of
helix associations in membrane is attributed to Van der Waals interactions, intrahelical
backbone-backbone and interhelical backbone-sidechain hydrogen bonds [23-26]. On the
other hand, the stability of 5-barrels in membrane is driven by the extensive intrastrand
hydrogen bond network [27]. (-barrel subunit specificity can be forced with hydrophobic
interactions in the soluble domains [28] or weakly-stable regions in the membrane domain
[29].

In this research, we sought to apply the above principles to de novo design nanopores. Re-
cently, Rosetta software suite has been used to de novo design coiled-coil helical bundles,
symmetric a-helical oligomers, and multi-pass transmembrane helices [30-33]. Using a
combination of these established computational approaches for a-helical motifs, we pro-
posed to develop de movo design methods for a-helical channels. Also, the first de novo
design of water-soluble barrels was recently demonstrated by Dou et al. (2018). Building
on the principles of soluble barrels, we aimed to develop de novo design methods for

membrane (-barrels.

1.2  Results

1.2.1 PROCEDURAL GENERATION OF SYMMETRIC «-HELICAL CHAN-

NELS

The first step in de novo design is the generation of protein backbones in the desired
conformation. The second step is the design of low-energy amino acid sequences for these
desired backbones. The first challenge of designing a-helical proteins for the membrane is
the similarity of the hydrophobic core of the protein to the surface. This high hydrophobic
content of membrane proteins makes them insoluble in aqueous solutions and is the
second challenge to efficiently purifying and studying the designed proteins. To overcome
these challenges, we aimed to first design and experimentally validate desirable channel
backbones in aqueous solution and then optimize their sequences for membrane. Further,
to simplify the sequence space for large proteins we create oligomers of subunits with

rotational or cyclic symmetry (C,,). An anti-parallel 3-helix bundle with N- and C- termini



facing opposite ends was chosen as the subunit for the cyclic assemblies. The hydrophobic
core of lipid bilayers are often 2-5 nm thick. As a result, to span the membrane, the
length of the helices were set in the range of 35 amino acids. Next, we set coordinate
constraints within the channel to define the constriction for a particular function, followed
by enumerating all possible protein backbones around it. In Rosetta, new backbones
are stochastically assembled with short peptide fragments from the Protein Data Bank
(PDB) and are guided by the defined blueprint of the structure. The computational

design strategy for a C6-symmetric a-helical channel is described in Figure 1.2.
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Figure 1.2: Computational design method for C6-symmetric a-helical channel.

(a) A hexameric pseudo-symmetric glutamate filter is chosen from the native calcium
release-activated channel (CRAC, PDB ID: 4HKS). The atoms CD, OE1 and OE2 on
the glutamate residues that co-ordinate Ca®* ion (green sphere) are fixed in orientation
(shown as a plane). Possible glutamate residues in this conformation are generated. (b)
All possible constrictions of the channel are sampled by housing the glutamate residue
anywhere along an ideal 10 amino acid helix in a C6 symmetric fashion. (c¢) Each helix is
a seed for an antiparallel 3-helix bundle built from fragments from the PDB according to
a blueprint with varying helix and loop lengths. This phase is used to exhaustively search
for compact backbones and diverse geometries in Rosetta’s centroid mode. Side and top-
down view of example backbones are shown. (d) Backbones are searched for potential
hydrogen-bond networks between pairs of residues both within and across chains using
Rosetta HBNet protocol. (e) Rosetta Full-atom sequence design is performed on fixed
backbones and designed proteins are filtered for satisfaction of buried polar groups and
hydrophobic packing. (f) & (g) Designed proteins are further filtered using Rosetta ab
initio structure prediction and Rosetta assymetric docking protocol. Sequences that fold
back into designed 3-helix bundle and form unique C6 symmetric assemblies are selected
for experimental screening.



1.2.2 EXPERIMENTAL CHARACTERIZATION AND DESIGN ITERATION OF
HEXAMERIC o-HELICAL CHANNELS

Designed backbones with good interface shape complementarity, satisfaction of buried
polar groups and hydrophobic packing are chosen for experimental screening. A small-
scale experimental screen was conducted by testing 6 designs sampling a few channel
geometries and oligomeric interfaces. Synthetic genes that code for the designed proteins
were transformed into E. coli. 3/6 designs expressed with very low yield and were prone
to aggregation at high concentrations. We iterated on one of the designs, hereafter
referred to as CR5, by optimizing sequence and by modifying the polar networks at
oligomer interfaces (Figure 1.3 and Figure 1.4). CR5 variants 3, 5 and 7 expressed
solubly and in 10-fold higher yield than the original (Figure 1.5 a. and Figure 1.6 a.).
Notably, these designs did not carry histidines in the channel lumen (Figure 1.4 b.).
Native mass spectrometry analysis revealed that designs CR5 var 3, and CR5_var 7
were predominantly hexamers and design CR5_var_5 was a quadromer (Figure 1.6 b.).
From a qualitative design analysis, CR_var 3 and CR_var 7 retain more residues from
the original designed hydrogen bond network between the chains (where a network is
more than 2 residues involved in hydrogen bonding), while CR_ 5 has no network (Figure
1.4 a.). These data suggest that the polar networks at the subunit interfaces can alter
subunit specificity. Initial crystallization screens showed a positive crystal hit for two of
the design variants, but poor diffraction. This suggests that while the sequence designs

for the CR5 channel are close, further sequence optimization was necessary.

5nm

D T P S

Figure 1.3: Computational model of de novo designed hexameric a-helical channel “CR5”.
(a) & (b) CR5 side and top-down view respectively.
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Figure 1.4: Variants of hexameric a-helical channel “CR5”.
CR5 variant no. 3, 5, 7, and original CR5 are shown clockwise. (a) Differences in polar
networks between CR5 variants. (b) Histidines in original design were replaced.
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Figure 1.5: Biophysical characterization of a hexameric a-helical channel.

(a) Size exlusion profile of original design (“CR5”, blue) and improved design
(“CR5_nn_ var3”, black) shows the latter has greater solubility and yield. Further char-
acterization of CR5_ nn_ var3 to determine its secondary structure and oligomer number
are shown in (b) and (c¢). (b) Circular dichroism spectra shows that the protein has an
a-helix secondary structure in solution and has a high thermal stability of upto 950C. (c)
Native mass spectrometry analysis shows that the protein assembles predominantly as a
hexamer. Expected and determined molecular weight in Daltons are listed.
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Figure 1.6: Biophysical characterization of variants of hexameric a-helical channel “CR5".
(a) Size exclusion profile of three CR5 variants. (b) Native mass spectrometry analysis
of oligomer number of each of the CR5 variants. CR5 variant 3 and 7 are predominantly
hexamers, and variant 5 is quadromer.
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1.3 Discussion

In sum, we were able to use a design-test-hypothesis approach to iteratively develop a de
novo design protocol for aqueous hexameric a-helical channels. We find that a fragment
assembly based approach gives access to funnel shaped alpha-helical pore geometries.
The computational protocol was straightforward to extend to design channels with C4
and C5 symmetries, accessing a variety of pore geometries and sizes (data not shown).
While assemblies larger than C6 are possible using this approach, it was significantly more
challenging to design oligomeric interfaces against alternative higher or lower order as-
semblies. The experimental ‘testing’ phase would benefit from screening more sequences
from widely different backbone clusters. Among the different backbones generated, the
oligomeric interface ranged from large uninterrupted buried surface areas between sub-
units to only a few hydrophobic interactions. The oligomeric interface of CR5 had high
shape complementarity with 2 patches of hydrophobic packing interspersed with plausi-
ble polar interactions. As a result, the hypothesis testing was limited to optimizing polar
networks at the oligomer interfaces. This design protocol is also ripe for systematically
deriving the principles of oligomer complex formation as a function of the buried surface
area and molecular weight (size) of the protein. Finally, structurally validated CR5 like

channels can serve as scaffolds for their membrane counterparts.

1.4  Results

1.4.1 De novo DESIGN OF 8-STRANDED TRANSMEMBRANE [3-BARREL
(TMB)

The principles behind the de novo design of a transmembrane [-barrel was published
on February 19, 2021 in Science [34]. I worked with Anastassia Vorobieva, and Stacey
Gerben on the Rosetta de novo design of the 8-stranded transmembrane (-barrels. For
the detailed computational and experimental protocol, I refer the readers to the article’s
Supplementary Materials and Methods. In brief, the simplest transmembrane [-barrel
(TMB) architecture was designed and used as a model to understand the determinants of
TMB folding. For the 23 proteins that passed biochemical screens, suggesting that they
may fold into a TMB, we probed them for function in a single-molecule study (described
in next section). Among them, TMB 2 17, shown in Figure 1.7, was the most successful.
Notably, TMB 2_ 17 also crystallized and the structure (2.05 resolution) was found to be
identical to that of the designed model with a 1.1 root mean square deviation (RMSD)

between the protein backbone coordinates. This work was the first demonstration of a
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de novo designed transmembrane [-barrel, and validation of a de novo design strategy

that accesses high sequence and shape diversity.

Figure 1.7: TMB 2_ 17 Crystal Structure.

Crystal structure of TMB 217 (pink, 2.05 resolution) superimposed on designed (gray).
Water molecules represented as crosses. The RMSD between the actual and design struc-
ture is 1.1 .

1.4.2 (CONDUCTANCE PROPERTIES OF de novo 8-STRANDED TRANS-
MEMBRANE [3-BARREL

Bacterial porins are known to spontaneously self-assemble in planar lipid bilayers, a prop-
erty that dictates the ease of their use in nanopore technologies. To test the ability of
the designed TMBs for spontaneous insertion and ion-conduction, we screened them in
a single-molecule planar bilayer assay (Methods detailed in Appendix A.1). First, the
detergent type (DDM, neutral maltoside; OG, nonionic; DPC, zwitterionic) influenced
the frequency of channel interaction with the bilayer. Of the 23 designs, 2 designs in
DPC detergent interacted with the bilayer at high frequency. Of the 2, 1 had the most
consistent results. The electrical recordings recordings suggest a single-channel conduc-
tance of 24pA at +100 mV in 1M KCL (Figure 1.8 a. & b.). In Figure 1.8 a., we also
observe that the conductance fluctuates between two states (5 pA and 24 pA). In 1.8 b.,
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we observe step-wise increases and decreases in conductance of 20 pA which are likely
to be additional channels in the bilayer opening, and closing. The all-points current am-
plitude histogram of possible single-channels, from n=3 independent TMB 217 refolding
preparations, are compared with each other in Figure 1.8 c¢. We find that histogram peak
of the single-channel conductance varies with each refolded batch; this suggests that the

TMB conformation may be sensitive to potential changes in refolding conditions.

o

a 307 100 s C

251

20
151
10

Current (pA)

600 700 800 900
t(s)

b 160 1s

140

Density

1204

Vapp =100 mV
100 PP 1

o
o

Current (pA)

(o)}
o

s
o

v

552 553 554 555 556 — 20 40 60 80

t (s) Current (pA)

Figure 1.8: Single-channel Electrical Recordings of the TMB 2 17

When TMB 2 17 protein was reconstituted into a planar lipid bilayer, we observed
discrete jump in conductance at an applied membrane potential of +100 mV in 1 M KCI,
10 mm Hepes, pH 8.0. (a) Representative electrical trace of potentially single channel of
TMB 2_17 at 24 pA conductance. (b) Step-wise insertions of potentially multiple TMB
2_17. (c) All-points current amplitude histogram of individual single-channel electrical
traces like in (a). [B-barrel
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1.5 Discussion

TMB are prepared from inclusion bodies using a rapid-dilution refolding protocol [34].
One key difference in subsequent refolding preparations was the increase in concentra-
tion of prepared proteins in detergent; changes in detergent-protein ratio can alter TMB
conformation or oligomerization, which would result in non-uniform conductances. A
limitation of the reconstitution process for porins in planar bilayers is the potential of
proteins to aggregate or misfold before insertion [20]. The observation of two conduc-
tances (low and high) occurred in most cases together, which indicate that they are two
states of one channel. Similar multi-state conductances have been reported for other
porins, and in the case of native 8-stranded OmpA [16,35,36]. Larger TMBs share sim-
ilar structure and sequence properties with smaller TMBs, suggesting that the design

process can be extended to create larger barrels with wider channels.
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Chapter 2

Investigating nsp13 using SPRNT

2.1 Introduction

Non-structural protein nspl3 is a SARS CoV-2 drug target

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) relies on its helicase,
nonstructural protein 13 (nspl3) for viral replication [37-40]. Nspl3 from SARS-CoV-2
differs from that of SARS-CoV-1 (responsible for SARS 20 years earlier) by only a single
amino acid (V570I). In addition, both share motifs with helicases from the larger family
of nidoviruses [41]. This high degree of conservation suggests these helicases could have
a shared unwinding mechanism, and thus make them an attractive drug target for broad

spectrum antivirals.

Helicases are motor enzymes that couple the energy from ATP hydrolysis to unwind
double-stranded nucleic acids. Previously, bulk activity assays using SARS-CoV-1 nsp13
show it unwinds both double-stranded DNA (ds DNA) and RNA (ds RNA) equally,
hydrolyzing all ANTPs and NTPs in a 5-3’ direction [42]. The reported velocity for the
helicase was on the order of only a few hundred bases per second (bp—s~"), but enhanced
by cooperativity and interactions with SARS-CoV’s RNA-dependent RNA polymerase
(RARP), nonstructural protein 12 [42-45]. More recently, Mickolajczyk et al. (2020)
biochemically characterized nspl3 from SARS-CoV-2 and estimated velocities around 5
- 10 bp — s ! depending on stability of nucleic acid substrate. They also use optical
tweezers, a single-molecule technique, on a RNA hairpin duplex to show >50-fold nsp13

velocity enhancement from applying 10-20 pN destabilizing force on the substrate.
Viral helicases are druggable targets

Vaccines activate the human body’s immune response to produce antibodies that target
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the outer shell of viruses and block them from entering cells. Another form of viral
control are small-molecule inhibitors that target the virus’ enzymes and self-replication
machinery. Examples of viral inhibitors that target replication enzymes include the treat-
ment to human immunodeficiency virus (HIV-1), hepatitis C virus (HCV) and Herpes
simplex virus (HSV). Specifically, the FDA approved inhibitor Pritelivir for HSV disrupts
the HSV helicase’s ability to unwind its genome, thereby stopping viral replication [46].
While helicases are druggable targets, inhibitor development can be challenging without
a structure and the ability to assay the mode of action of the inhibitor. Inhibitors tar-
geting Adenosine triphosphate (ATP) hydrolysis or metal-binding domains need to be
highly specific to viral helicases without affecting the host cellular enzymes with similar

functions.
Viral inhibitor development is aided by mechanism of action studies

For a monomeric helicase, the sequence of reactions that translate 1 nucleotide triphos-
phate (NTP) binding and hydrolysis to 1 base translocation is described by the inchworm
model [47]: nucleic acid binding in pocket A, NTP binding in NTP binding cleft, closure
of NTP binding cleft, this conformational change causes the displacement of base from
pocket A to pocket B, NTP hydrolysis, nucleotide diphosphate (NDP) and phosphate
release, re-opening of NTP binding cleft and pocket A, entry of new base into pocket A,
translocation by one base. In theory, an inhibitor can target any of these steps in addi-
tion to specific co-factor interactions to prevent helicase unwinding. So, understanding
the course and kinetics of viral helicase unwinding can help rationally engineer different
types of inhibitors. Conventionally, half-maximal inhibitory concentration (IC},) values
are used to evaluate how well a drug binds to and reduces enzyme activity. But, IC,
values are primarily a measure of binding affinity and lack information about the mecha-
nism of inhibition. Finally, measuring the time for which a drug resides on its target has

been proposed as a more robust metric for early drug selection and optimization [48].

SPRNT has 40 picometer and sub-millisecond resolution to model helicase

kinetics

Single-molecule picometer resolution nanopore tweezers (SPRNT) is a new technique for
monitoring the motion of individual enzymes along a nucleic acid template. In SPRNT,
a single Mycobacterium smegmatis porin A (MspA) nanopore is established on a bilayer.
Enzyme DNA complexes are drawn into the pore by an electric field until the enzyme
rests on the rim of the pore. Single stranded DNA is released into the pore as the
enzyme walks along the nucleic acid template. The nucleotides within the sensing region
of MspA produce a unique ionic current and the duration of these currents is controlled
by the enzyme. Thus, the dwell-times between transitions in current corresponds to the

successive motor-enzyme states. In SPRNT, we use a known DNA sequence to measure
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dwell-times of ion current levels to make kinetics measurements of the controlling motor
enzyme, which is used to infer mechanism of enzyme motion [49-52]. Additionally, the
measured nucleic acid sequence in the pore reveals the exact sequence in the motor

enzyme, thus SPRNT is also ideal for investigating how sequence affects enzyme kinetics.

The detailed biochemical pathway [52] revealing how a Super Family 2 helicase hel308
couples ATP hydolysis to ssDNA translocation is exemplary of the possibilities with
SPRNT. In sum, SPRNT can resolve 40 picometer (pm) enzyme motions along a DNA
track at enzyme state durations of 10 ms. Prior to SPRNT, the highest resolution was
acquired with optical tweezers, which can resolve enzyme motions of ~ 300 picometer

(pm) at ~ 1 second timescales.

Proposal: Develop a SPRNT assay to monitor nsp13 kinetics and establish a

platform for inhibitor studies

With SPRNT’s extraordinary spatialtempo resolution, we seek to explain the mechanism
of SARS CoV-2 helicase nspl3 and provide a foundation for inhibitor mechanism of
action studies. In this work, we establish an assay to observe individual nsp13 molecules
in real-time stepping along a nucleic acid track in single steps. From these measurements,
we determine the kinetic step size, ATP-coupling stoichiometry and rate of unwinding of
nspl3. Next, we vary external parameters such as substrate type and [ATP] to change the
rates of the chemical processes to elucidate the underlying mechanism of nsp13 unwinding
kinetics. While not published with this work, we also vary applied force, temperature
and sequence to further understand nspl3 mechanochemical regulation. These results
enable us to understand the behavior of the broader family of nidovirus helicases and
superfamily 1B helicases for the first time using a single-molecule approach. Finally, this
assay forms the basis for measuring inhibitor-nspl3 binding mode and duration which

are key indicators to a drug’s efficacy in vivo [48].
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2.2  Results

2.2.1 MONITORING NSP13 HELICASE UNWINDING DUPLEX DNA BASE-

BY-BASE

To measure the nucleotide stepping rate we constructed nucleic acid sequences to load
nspl3 and monitor the enzyme’s progression on single- and double-stranded tracks in a 5’
- 37 direction. First, from the loading site geometries tested, a partial DNA duplex with
a 5’ poly-T tail yielded full length reads at a high event frequency (Figure 2.1). This
sequence and geometry is used throughout this study to understand nsp13 duplex unwind-
ing kinetics. The same sequence without it’s complementary blocking oligo performed

similarly and is used to study nspl3 single-stranded translocation kinetics.

Second, we found empirically that nsp13 events were only possible in the reverse orienta-
tion of the pore, where the enzyme is in contact with residues closer to pore’s constriction
rather than those on the wider rim. The SPRNT schematic is illustrated in Figure 2.1.
This is in contrast with all previous nanopore sequencing and SPRNT enzyme studies on
MSPA.
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a Measuring sequence

- ~

S5*TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGAGTCCAAGT AC I'T F ; TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 37

b

Figure 2.1: Schematic of nspl3 unwinding experiments

(a) Partial double-stranded DNA used for single-molecule nsp13 unwinding experiment.
Nspl3 (red) loads on the 5’ end of the duplex junction and begins unwinding in a 5’ - 3’
direction. (b) A single nsp13 molecule bound to partially duplex DNA is drawn into the
pore by the electric field. The 5’ tail threads into the pore until the enzyme comes into
contact with pore. The rate of release of DNA into the pore is now controlled by the nsp13
motion on the DNA. The voltage applies a force to the DNA in the constriction, resulting
in an assisting force on the enzyme when the enzyme travels in a 5’ to 3’ direction.

With this new experimental setup, we recorded several hundred traces of nspl3 unwinding
and translocation on ds DNA at saturating ATP conditions at an applied voltage of 180
mV and saturating ATP. An example nspl3 DNA unwinding trace is shown in Figure 2.2

a. Each level in the ion-current trace yields two pieces of information - DNA sequence in
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the pore and the duration for which enzyme resides on one nucleotide before proceeding
to the next (Figure 2.2 b). For a known DNA sequence, measuring current amplitude
gives us the position on the nucleic acid track and measuring dwell-time at each position
gives us the single-molecule turn-over rate (k.,,) of nsp13. The conversion of ion current
to DNA position and dwell-time is detailed in Appendix B.3.

By comparing 54 nspl13 unwinding events, we produced a consensus set of current levels
for nsp13 controlled DNA sequence through the pore, shown in Figure 2.2 c¢. Aligning the
consensus levels to a predicted set of levels for the known DNA sequence, we deduce the
orientation of the read as 5" - 3’ and that the levels are spaced 1 nt apart (Figure B.1).

These results show that we observe nspl3 unwinding in single-nucleotide steps.

For each of the levels observed, we computed the average median dwell-time (7, ,), shown
in Figure 2.2 d. With the exception of the degenerate positions, the dwell times correpond
to single-nucleotide residence times. The average median dwell-time per position is 1.2
ms £ 0.4 ms at saturating ATP with an applied voltage of 180 mV. This translates to an

average enzyme rate of ~ 800 nucleotides per second with assisting force of ~35 pN.

From Figure 2.2 d, < 74/, > varies between 1.9 ms to 0.4 ms depending on DNA position.
This indicates that nucleotide identity within nsp13 nucleic acid binding site influences

unwinding kinetics.
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Figure 2.2: SPRNT analysis of nsp13 helicase

(a) Enzyme motion is observed as a time series of ion current levels. Black lines mark the
average current of observed levels. (b) For each level, ion current amplitude (I) provides
DNA sequence in the MspA nanopore and dwell time provides kinetics of the motor
enzyme. (c) Consensus of current level partterns for 54 reads or unwinding events with
nspl3. (d) Median duration of corresponding current levels in (c) at saturating ATP

conditions. Degenerate current levels are boxed in gray.

2.2.2 (COMPARING NSP13 HELICASE UNWINDING AND TRANSLOCATION
OoN DNA

Next, we sought to examine the difference in kinetics between nspl3 unwinding and
translocation. In Figure 2.3, we compared the median duration (7, ,,) of each current level
for single-strand (ss) translocation events to those of double-stranded (ds) unwinding
events by dividing 7/, (ds) by 7y, (ss); We found that single-stranded translocation
events were on average 2-fold faster than double-stranded unwinding events. Again, we
observe a fluctuating 7, that indicates sequence dependent unwinding and translocation.

The magnitude of ion current was the same for both event types.
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Figure 2.3: Comparing nspl3 helicase double-stranded DNA (dsDNA) unwinding to
single-stranded DNA translocation (ssDNA)

(Top) Median duration of current levels for ds DNA unwinding (purple) and ss DNA
translocation (yellow). (Middle) The ratio of the median durations in (top) to remove
sequence dependence that also influences the level durations. (Bottom) The number of
times that a given level whose durations are shown in (top) was observed. Only few
ssDNA translocation experiments were performed.

2.2.3 TWO TIME-SCALES OF ENZYME KINETICS AT CONSTANT CONDI-
TIONS

Across independent nspl3 experiments on MspA nanopore, we qualitatively observed

roughly two time-scales of unwinding events. Figure a. shows a representative unwind-

ing event from each of the two classes observed at constant conditions of 1 mM ATP,
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180 mV and duplex dsDNA. To understand the average behavior of the enzymes within
an experiment, we analyze the distribution of mean duration per position of each nsp13
molecule. The distributions can be roughly classified as fast-decaying exponential dis-
tribution or a combination of uniform and slow-decaying exponential distributions, as
shown in Figure B.2. Combining enzyme events of the same distribution type yields a
7-fold separation in nspl3 rate under saturating ATP and identical conditions (Figure
2.4 b).

The catalytic turnover rate of helicases are ATP dependent. Thus, the single-nucleotide
dwell time is ATP dependent and we examine ATP concentration as the source of this vari-
ation in enzyme rates. Figure 2.4 b shows an increase in mean dwell time per nucleotide
with decrease in [ATP] in fast enzyme category and no change in the slow enzyme cate-
gory. There is still a 5-fold difference in rates of the two enzyme categories. We further

investigate the ATP-dependence of the two enzyme event types in the next section.
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Figure 2.4: Fast and slow nspl3 unwinding events

(a) Position versus time trace for two different nsp13 unwinding events: fast class 1 event
(gold) and slow class 2 event (red) (b) Distribution of average dwell time per enzyme
for fast enzymes versus slow enzymes at two different ATP conditions: (Left) Saturating
ATP condition (Right) Low ATP condition. Counts in top right corner are number of
enzymes.
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2.2.4 ANALYZING ATP DEPENDENCE OF NSP13 UNWINDING AND
TRANSLOCATION KINETICS

We varied [ATP] to analyze its effect on nspl3 unwinding and translocation. Because
of the variation in dwell time with DNA sequence, we analyze each DNA position indi-
vidually to avoid averaging over sequence-dependent effects. We also consider the fast
enzyme events separately from slow enzyme events to avoid averaging over potentially

different enzyme pathways.

For fast unwinding enzyme events, we compare the median duration of each current level
at 150 M ATP to those at 1 mM ATP by dividing 7;,,(150 M) by 7;/,(1 mM) as shown
in Figure 2.5. We find that the dwell time increases with decreased ATP and on average
is 2-fold greater at 150 uM ATP. Because the dwell time changes along the DNA position
in a sequence dependent manner, we analyzed the dwell time distribution per position
across the high and low ATP conditions (2.6). The dwell time distributions shift towards
the right with decreasing [ATP] across many DNA positions. A two- fold increase in
dwell time is interpreted as reduction in half of maximal velocity of the enzyme at 150
1M ATP, which is close to the previously reported I, value of ~100 uM ATP [53]. Thus,
it is likely that the fast unwinding enzyme events are [ATP] dependent and that each
nucleotide step observed is the result of nspl3 driven ATP catalysis. In all traces, the

ion current magnitude did not change with ATP concentration.
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Figure 2.5: Analyzing ATP dependence of nspl3 fast unwinding events

(Top) Median duration of current levels for two different ATP conditions: 150 uM (blue)
and 1000 pM (green). (Middle) The ratio of the median durations in (top) to remove
sequence dependence that also influences the level durations. (Bottom) The number of
times that a given level whose durations are shown in (top) was observed.

27



0.6 1

0.4

0sT

0.2

0.6 1

Density

000t

0.2

0_ o =
0O 5 10 15 200 5 10 15 200 5 10 15 20
Dwell — Time (ms)

Figure 2.6: Analyzing ATP and sequence dependence of nspl3 fast unwinding events
The distribution of dwell times for three positions (left to right: Position 5, 29, and 35)
across two different ATP conditions (150 M in blue and 1000 M in green). The kernel
density estimate is plotted on top in black.

Similarly, Figure 2.7 compares the ATP dependence of fast translocation enzyme events.

The dwell time increases with decreased [ATP] and on average is 1.6-fold greater at 150
uM ATP.
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Figure 2.7: Analyzing ATP dependence of nsp13 fast ssDNA translocation events

(Top) Median duration of current levels for two different ATP conditions: 150 M (blue)
and 1000 uM (green). (Middle) The ratio of the median durations in (top) to remove
sequence dependence that also influences the level durations. (Bottom) The number of
times that a given level whose durations are shown in (top) was observed.

An identical analysis of the slow unwinding enzyme events shows that the median duration
of each level is independent of [ATP], as seen in Figure 2.8. Notably, the processivity of
the helicase shows a sharp decline with decrease in ATP. Processivity is the probability
that the helicase will step forward along the nucleic acid without falling off during the
unwinding event. These results suggest that while the unwinding rate in slow events is
not limited by ATP at 150 uM, the nspl3 off-rate is dependent on [ATP]. While we have
qualitatively observed slow translocation enzyme events (not shown), we do not yet have

enough statistics on it to report the [ATP] dependence.
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Figure 2.8: Analyzing ATP dependence of nsp13 slow unwinding events

(Top) Median duration of current levels for two different ATP conditions: 150 uM (blue)
and 1000 pM (green). (Middle) The ratio of the median durations in (top) to remove
sequence dependence that also influences the level durations. (Bottom) The number of
times that a given level whose durations are shown in (top) was observed.

2.2.5 INVESTIGATING THE EFFECT OF NSP13 ATP-SITE MUTATION

ON UNWINDING KINETICS

K288A is a knock out mutation of ATP binding site lysine that is inactive in bulk helicase
activity assays (data not shown). Figure 2.9 shows a representative unwinding event and
its underlying distribution from catalytically inactive K288A nspl13 compared with the
fast and slow unwinding events from W'T nspl3. Comparing the distributions of mean
dwelltime of each nsp13 molecule of K288A to that of WT show that K288A mean dwell
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times are more uniformly distributed. The mean dwell time of K288A is 7-fold greater
than that of WT’s fast unwinding events and approximately the same as that of WT’s

slow unwinding events.
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Figure 2.9: Unwinding events of active-site mutant K288A nsp13

(a) Comparision of position versus time trace for three different nsp13 unwinding events:
fast class 1 event (gold), slow class 2 event (red), and K288A nspl3 unwinding event
(blue). (b) Distribution of average dwell time per enzyme for each enzyme class from (a).
Counts in top right corner are number of enzymes.
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2.3 Discussion

Single nucleotide steps

In this work, we show that SARS-CoV-2 nsp13 unwinds duplex DNA in single-nucleotide
steps. We also measure changes in nspl3 kinetic parameters such as duration of each
step, backstep probability and processivity by varying experimental parameters such
[ATP], and DNA form (single- vs double-stranded). Based on the Betterton-Jilicher
model [54], viral helicases are predicted to travel in single nucleotide steps, each forward
nucleotide step the result of a single ATP hydrolysis cycle. Bulk assays estimate that
viral helicases such as NS3 and T7 gp4 travel in single nucleotide steps [55,56]. Moreover,
our collaborators estimate that nspl3 unwinds RNA hairpin duplexes in single-nucleotide
steps using a single-molecule optical tweezer measurements [53]. Our measurements are
the first single-molecule single-step observations of nspl3 moving along a nucleic acid
track, and the first direct confirmation that a viral helicase such as nsp13, belonging to
the superfamily class of 1B helicases, unwinds duplex nucleic acids in single-nucleotide

steps.
Nspl3 velocity

The mean nsp13 unwinding velocity we observed cluster at 150 bp — s~ and 600 bp — s~
under saturating ATP conditions and a constant force of ~ 35 pN in the direction of unzip-
ping (+35 pN). Most of our experiments were dominated by one of the two populations
of enzyme events, either fast or slow. Additionally, we are the first to measure nspl3
1

ssDNA translocation and find a translocation velocity of 1000 b — s~
ATP conditions and +35 pN force. (While we have qualitatively observed slower ssDNA

under saturating

translocation events on the order of few hundred base pairs per second, we have not yet

measured it rigorously to report an exact value).
Catalysis and ATP-dependence

While the fast enzyme events show a 2-fold reduction in speed at 150 uM ATP, the slow
enzyme events show no change. Mickolajczyk et al. (2020) estimate the K,, of ATP to
be 100 pM from their optical tweezer measurements at 18 pN force. Thus, it is likely
that our fast enyme measurements are rate-limited by [ATP] at ~150 uM and that the
measured dwell times for individual nucleotide steps provide kinetic data of nsp13 ATP
hydrolysis cycle. However, since we have only measured a two-fold change so far, futher
ATP concentration titration in <100 uM range is needed to confirm the ATP K,,, and
subsequently nspl3 k.., at our applied forces.

Further, K288A nsp13, catalytically inactive in bulk assays, is driven by 435 pN force in
the presence of saturating ATP at a rate of ~75 bp — s~ '; this is comparable to that of
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the slowest enzyme events of WT nspl3 and 8-fold slower than the fast ‘ATP-catalyzed’
enzyme events of WT nspl3. In the absence of ATP and +35 pN force, no unwinding
events were observed with K288A nsp13. This suggests that either ATP is required for
nspl3 to bind to nucleic acid or that chemical processes, other than ATP hydrolysis are
rate-limiting. These data also offer one possible explanation for the occurence of slow

unwinding events which may be the result of enzyme inactivation.

Using single molecule optical tweezer measurements, Mickolajezyk et al. (2020) report
nspl3 unwinding velocity of upto 280 bp — s~* at 18 pN on a RNA hairpin and observe
an exponentially rising velocity with applied force in the range of 4 - 20 pN. While this
velocity was measured with different nucleic acid substrate and under different applied
force (and geometry of force application), our fast enzyme results of 600 bp — s™" track

with the much greater applied force of ~35 pN directly on the enzyme.

While in vivo velcity of nspl3 and helicases have not yet been measured, the FE. Coli

! or 1 ms per base-pair. This

replication complex is estimated to travel at 1000 bp — s~
suggests that in vivo viral helicases may work as fast or faster. Notably, SPRNT is the
only available single molecule technique that can resolve single nucleotide steps ( ~ 6 )

that occur at durations of 1ms [49].
Nspl3 regulation

In addition to force and stability of nucleic acid substrate, the velocity of nsp13 is reported
to be influenced by sequence, cooperativity, stability of nucleic acid substrate, presence of
RdARp and cysteine residues [38,39,42,43,53]. More detailed investigation into the effect
of applied force, substrate type (double vs single-stranded, RNA vs DNA) and [ATP]
on the velocity and processivity of K288A nspl3 and WT nspl3 can reveal the exact

chemical pathways underlying unwinding and translocation.
Other biologically relevant clues

Notably, our nspl3 events were only possible in the reverse orientation of the MspA
nanopore. Only in this orientation, can the enzyme-DNA complex be in contact with
the lipid bilayer. A possible explanation for this result could stem from the fact that the
replication-transcription complex of SARS CoV (consisting of nsp13, RdRp, and other
non structural proteins) are known to be membrane bound during genome replication

[57).

Interestingly, we find that nsp13 DNA unwinding rate is sequence dependent. In vitro
helicase unwinding have been shown to speed up in AT-rich regions and slow down in
GC-rich regions due to the energetic differences between DNA base pairs [58]. Our

findings also demonstrate sequence dependence of nsp13 translocating on ssDNA. Though
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the exact mechanism is unknown, helicases such as UvrD [59] and Hel308 [51] show
sequence dependent kinetics even while translocating on ss DNA. Two ways this could
occur is differences in interaction energies between helicase amino acid and nitrogenous
base and /or steric effect of bases in nucleic acid binding site affecting the binding affinity

of helicase walker domains to the nucleic acid.
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Chapter 3
Conclusions

Nanopore technologies harness the atomic precision of transmembrane proteins to create
a highly confined channel within which to study molecules at the angstrom-scale in real-
time. In my research, I explored de novo design principles to procedurally generate
diverse channel geometries with Rosetta and studied the ability of the designed proteins
to form pores within membranes. Our ability to create customized pores is a step towards

enhancing the accuracy of nanopore DNA sequencing and single-molecule identification.

While a precise nanopore allows greater discrimination between DNA bases, yet another
protein is responsible for the controlled release of DNA into the pore. Nanopore DNA
sequencing relies on enzymes that bind and walk on DNA to slow the rate of DNA
translocation from the speed of ions to that of the enzymes themselves. This in turn
gives access to the kinetics of the enzyme at the microsecond timescale. In my research,
I also show our ability to monitor the SARS CoV-2 helicase walking in single-nucleotide
steps. This provides a platform to study how viral inhibitors target the helicase and glean

insights for their development.
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Appendix A

Supplementary information for

chapter 1

A.1 Single channel analysis of de novo TMBs

De novo TMB is inserted into planar bilayers by detergent dilution, an approach widely
used to reconstitute bacterial porins into planar lipid bilayers. Refolded proteins in
detergent (n-dodecyl [-D-maltoside (DDM) or n-Dodecylphosphocholine (DPC) or
Tetraethyleneglycolmonooctylether (C8E4)) at above the critical micelle concentration

(CMC) is diluted into the cis chamber of the bilayer apparatus.

Experimental setup

S oTMB+ Detergent

;> e

b 100 uL cis chamber

a Amplifier and Low pass filtering and
Voltage source| BT (o (1120 M A ——

,<1 Kcl buffer

~20 ym aperture cis

Teflon -
=" tubing|

K+ CI-

—1 cm—| tubing K =

trans chamber
Figure A.1: Single channel experiment setup. Electrical circuit that connects two cham-

bers separated by a planar bilayer (B) Zoomed aperture across which planar bilayer is
formed (C) Direction of flow of ions through a pore. Adapted from [60].
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o Asshown in figure A.1, two chambers (cis- and trans+) are separated by an artificial
lipid bilayer. Each chamber is filled with electrolyte solution consisting of 1M KCL,
10 mM Hepes pH 8.0. Lipid paint consisting of a mixture of DOPhPC lipid and
hexadecane is painted across a 20 um aperture. A planar bilayer is established by
placing a bubble on the aperture and creating an air-water interface.

« A potential of + 100 mV is applied across the bilayer by two Ag/AgCl electrodes
dipped in the cis and trans chamber. A positive current is one in which cations
flow from the trans to the cis side. To ensure bilayers do not rupture during an
experiment, the bilayer is verified to withstand > 500 mV and has a noise under 1
pA in the current measurement. A control experiment is recorded with no reagents.

e Proteins are then added into the cis chamber. The protein:detergent ratio varies
with critical micelle concentration of the detergent and the activity of the protein.
Typically, de novo TMBs have been diluted to 50 ug/mL in either 2 CMC or 1
CMC of detergent in TBS pH 7.5. They are further diluted 25 to 50 fold in the cis
chamber. These ratios result in single channels on average.

o When a discrete jump is observed, the cis chamber is flushed to remove any further
proteins from inserting. The potential offset was adjusted to zero such that at 0
mV applied voltage, the measured current is 0 pA.

o In order to capture the first jump in sometimes a series of conductance increases,
the data was continuously recorded for this exploratory phase in research.

o Time to insertion varied greatly:

— When time to insertion was very long ( > 200 s): more proteins were added,
new bilayers would be created frequently and/or the cis chamber would be
reset and new proteins would be added.

— When time to insertions was even longer (> 1000 s), new apertures would be
tried.

Current recording

« Single channel conductance was measured in two ways: (a) currents recorded at a
constant holding potential (b) currents at a scanning potential between - 100 mV
to + 100 mV to derive the I-V curve.

o [-V curves were determined for the primary conducting states of single TMB chan-
nels by recording current values immediately after the transient capacitative cur-
rents arising from the voltage steps.

» Voltage induced gating experiments were recorded by switching the voltage on and
off to > 250 mV. This yeilds a representive series of votlage-dependent opening and

closing events of one channel.
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o The current was amplified with an Axopatch 200B integrating patch clamp amplifier
(Axon Instruments). Signals were filtered with a Bessel filter at 10 kHz and then
acquired by a computer at 50 kHz (sampling at 20 us) after digitization with a
PCI-6251 DAQ (National Instruments).

o The recording conditions for all the experiments are the same unless specified: Sym-
metric cis and trans 1M KCl1, 10 mM Hepes pH 8.0, room temperature, voltage =
-+ 100 mV.

Data Analysis

Data from continuously recorded experiments needed to be simply visualized (a) to
quickly develop an understanding of channel behavior (b) to record patterns or repro-
ducibility across several independent experiments and experimental setups (c) to slice
low-noise sections of experiment that correspond to single channels, multiple channels,
a different holding potential and voltage ramps. Consequently, a custom visualization
application for exploratory analysis was written in Dash, a Python framework for web

applications.

o Raw data is first gaussian filtered at 250 Hz and loaded into the visualization
application which runs on any browser. Every recorded data file is available in a
data table and individual experiments can be viewed chronologically.

« Events corresponding to single channels, their associated voltage sweep, multiple
channels, their associated voltage sweep are sliced and tagged. Given that there
can be sub-conducting states, the highest conducting state for an isolated channel
is considered the fully open state of the single channel.

o At this stage, the analysis of these curated events can be automated by setting
current thresholds to detect ion-current state changes and finding the distribution
in amplitude of currents.

o Raw data traces for single and multiple channels along with their all-points his-
togram at +100 mV are presented in the results. This is a first order assesment of
channel reproducibility and gating behavior.

o Analysis of I-V curves and voltage induced closures become identifying features of
types of channels.

o With more than one channel and more than one conducting state per channel, the

number of possible ion-current states are discerned by applying signal convolution.
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A.2  De novo design of 10-, 12-, 16-stranded repeat TMB

Single chain [-barrels of a tunable diameter are desirable for nanopore applications. The
regular and repeating architecture of anti-parallel beta barrels is thought to have evolved
from repeated duplication of a single ancestral - hairpin [61]. Simply duplicating the
sequence of an 8-stranded [-barrel, as was done in the case of the naturally occuring

OmpX, may form a larger barrel as observed by its increased conductance [62].

TMB 217 and TMB 2_ 3, structurally validated 8-stranded de novo TMBs, were chosen
as templates to build larger barrels. The repeat unit of the larger barrel can be a single
or double [S-hairpin from the smaller barrel. A [-hairpin is two adjacent antiparallel
[-strands linked by a turn of a few residues and connected by a hydrogen bond ladder
between them. An 8-stranded barrel has 4 unique [(-hairpins, that is referred to as
H1 H2 H3 H4 going from N-to-C termini of the protein, and 2 double hairpins HIH2
and H3H4. Figure A.2 a. shows the design models for larger 10- and 12- stranded
barrels created by duplicating hairpins in 8-stranded barrels. While this design strategy
preserves the backbone hydrogen bonding between the strands, the structural motifs and
polar networks, formed by side-chain residues, are not necessarily in place. A subset
of these barrels expressed in E.coli and were refolded in (DPC) detergent (methods as
described in [34]). Figure A.2 b. shows that these larger transmembrane (-barrels purify
as a single species in detergent. Further biochemical screens are necessary to understand
the stability and structure of these designs; however, their intial success suggests that the
repeat strategy may be a feasible way to obtain starting backbones to further optimize

sequence upoin.
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Figure A.2: Repeat (-hairpin design strategy for larger 3-barrels

(a) Rosetta design models of 10- and 12-stranded [-barrel. In the 8-stranded [-barrel,
each [-hairpin is represented as a square labelled H1, H2, H3, H4. Duplication of a single
hairpin (H1, blue) results in 10-stranded barrel. The sequence of the hairpins is listed as
H1 H2 H2 H3 H4. Duplication of 2 hairpins (H1, H2 blue, pink) results in 12-stranded
barrel. Duplication of all hairpins results in 16-stranded barrel.

(b) Size-exclusion chromatography (SEC) of transmembrane [3-barrels refolded in (DPC)
detergent. Four [-barrels built from 8-stranded TMB 2 17 are shown. The hairpin
sequence with duplication for each of the designs is as follows - 10 __H3: N- H1 H2 H3
H3 H4 -C; 10_H2: N- H1 H2 H2 H3 H4 -C; 12_ H3H4: N- H1 H2 H3 H4 H3 H4 -C; 16:
Full duplication. While the 2 10-strand barrels appear to be folded in DPC detergent,
the 16-strand barrel purifies in the void volume and thus, misfolded.
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Appendix B

Supplementary Information for

chapter 2

B.1 Materials and Methods

Proteins: The M2-NNN-MspA protein [63], a mutant form of WT MspA (PDB ID:
1UUN), in detergent was ordered from GenScript. SARS-CoV-2 nsp13 WT (PDB ID:
6ZSL) and K288A mutant was obtained from collaborators. Nspl3 expression and activity

assay are described in [53].

DNA constructs: DNA sequences were designed to produce easily identifiable and
high contrast electronic readouts. DNA sequence prediction for a 5’ feeding DNA into a
backwards orientation of MspA was approximated from previous base-to-current map as
described in [64].

DNA sequences were synthesized at Stanford University Protein and Nucleic Acid Facility.
The DNA sequences are listed Table B.2.

Single strand translocation experiments were perfomed with Sequence A and duplex un-
winding experiments with Sequence A hybridized to complement A. The latter were
annealed in a 1:1.2 molar ratio respectively by incubating at 95°C for 3 min followed by

slow-cooling to 4°C.

Operating buffers: The nspl3 reaction buffer in the cis chamber was 20 mM KCL, 20
mM Hepes pH 7.5, 1 mM TCEP, 1mM ATP. The ATP concentration was adjusted in cis
chamber for varying ATP conditions. The other side of the membrane, trans chamber,
consisted of 500mM KCI, 20mM HEPES, pH 7.5. The reaction buffer was informed by
bulk assays in literature showing tapering activity of nspl3 beyond 50 mM KCL [REF].
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The trans buffer was maintained at higher salt to maximize ion-current signal.

Nanopore experiments: For single-molecule experiments, a single MspA nanopore
was established in a bilayer as described in [2,60,65]. Briefly, a lipid bilayer is formed
with a mixture of 1,2-di-O-phytanyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids,
SKU: 999984C) and n-hexadecane across a 20 pum diameter aperture that separates two
65 pl chambers containing our operating buffers. A potential of 180 mV is applied
using an Axopatch 200B or Axopatch 1B amplifiers (Axon Instruments) and a National
Instruments PCI-6251 DAQ.

Nspl3 was preloaded onto DNA construct in the absence of ATP by incubating at RT
for 30 min, at a final concentration of 0.4 uM DNA, 4uM nsp13, 124 mM KCL, 20 mM
Hepes pH 7.5, 5 mM MgCl12, 1 mM TCEP.

Translocation and unwinding experiments were initiated by adding nsp13:DNA complexes

to the cis chamber at a final concentration of 100 nM and 10 nM respectively.
All experiments presented in chapter 2 were done at RT (23 £ 1 °C).

Data acquisition and analysis: Data were acquired with a sampling rate of 50 kHz and
filtered at 10 kHz. Enzyme events were detected using a thresholding algorithm described
in [2]. Good events were selected manually and consisted of enough ion-current levels or
context to accurately map to sequence position. Levels within events are found by a
level-finding alogrithm and the durations of these levels are calculated to yield dwell-time
per DNA position. The level-finding algorithm is described in more detail in Appendix
B.3.

B.2 DNA Sequences

Sequence 5’-3’

Worked:

>Sequence A
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGAGTCCAAGTCCTGGACCTTT
TGCCGAGCCGAGCCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
>Complement A

AGGTTCAGGACCTGGAAAACGGCTCGGCTCGG

>Sequence B
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGAGTCCAAGTCCTGGACCTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTT

>Complement B
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AGGTTCAGGACCTGG
>Sequence C
TAACCGGAGCATCTTACTTTTTTTTTTTTTTTTTTTTZ

Failed:

>Sequence C extended
TAACCGGAGCATCTTACGAGCAATGAGGCTAGAGGCTTAACCGGAGCATCTT
ACTTTTTTTTTTTTTTTTTTTTZ

>template_ 90mer 5pfeed
PTTTTTTTTTTTTTTTAGTGATAGTGCXGTCGTTGGTGTACAAGTAATTGTC
AACACTCCCATTTGTATGTTCGGCTAACTTGTACCGATACA
>complement_ 90mer 5pfeed
TGTATCGGTACAAGTTAGCCGAACATACAAATGGGAGTGTTGACAATTACTT
TTTTTTTTTTTTTTTTTZ

>hairpin_ 5pfeed
PTTTTTTTTTTTTTTTAGTGATAGTGCXGTCGTTGGTGTACAAGTAATTGTC
AACACTCCCATTTGTATGTTCGGCTAACTTGTACCGATACATTTTTGTATCG
GTACAAGTTAGCCGAACATACAAATGGGAGTGTTGACAATTACTTGTATTTT
TTTTTTTTTTTTZ

>template_ 140mer_ 3pfeed
TTTTTTTTTTTTTTTTTTTCCCTTTCTTTCCTGATACACTTTTCTTCTTTTTT
TTAGACATTTCCTTTTCCTGCGGAAGCTGTCCGGAAGCTTTACATAGTTCCTT
TCGTTGAGTAGCCTTAXCTGTCCGCCACATGTCAP

>complement_ 140mer_ 3pf
AAAAGGAAATGTCTAAAAAAAAGAAGAAAAGTGTATCAGGAAAGAAAGG

RNA:

>RNA_template 120mer
GGUUUUUUUUUUAACUAGUCGUAGUGCAGUCGCUACAUUACAGUGUAUUGUUU
AGCGGACGUUCACUAUCGCAUUCUUUAAUACUUGGUAUCGUCGGUUGAGUCGC
GAGUCGCCACCGUC

>RNA_ complement
AGTGAACGTCCGCTAAACAATACTTTTTTTTTTTTTTTTTTTTTTTTZ

Table: DNA sequences used in chapter 2.

List of DNA template and complement strands used in this study. Sequence A and
complement A was the DNA used in the results of chapter 2. Legend: X = abasic,
Z=cholestrol, P = phosphate.
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B.3 Extracting dwell-time per DNA position from raw ion cur-

rent

Nsp13 walking along a nucleic acid strand is observed as a series of discrete ion current
steps. Raw ion current is converted to DNA position and corresponding dwell-time as

follows:

o Currents in MspA pore are determined by four nucleotides at a given time. Each
four nucleotide combination was measured and a ‘quadromer’ ion-current to se-
quence map was created as described in [64]. For a given sequence, a prediction is
made using the quadromer map.

o By comparing measured ion current levels to predicted ion current levels, a con-
sensus of median ion-current per position is created for observed levels. A set of
high quality events containing all expected levels are used to create this reference
consensus. The comparision also allows to identify current levels separated by in-
distinguishable current differences. These degenerate current regions are shown in
Figure B.1.

o Each current data point is then aligned to reference consensus similar to alignment
algorithm described in [64,66]. Briefly, the Needleman-Wunch alignment algorithm
is modified to allow for back-steps, and skips in a series of steps caused by the
stochastic motion of enzymes. All alignments are manually checked and filtered for
misaligned events.

o Given the sampling frequency is 10 kHz, the shortest measurable step corresponds
to a single data point and a time interval of 100 us. The duration per position is

calculated as 100 pus * number of data points aligned to a position.
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Figure B.1: Prediction versus consensus for a 5’ - 3’ read with single nucleotide steps
(Top) Predicted ion current level patterns for sequence used in chapter 2. (Bottom)
Consensus ion current level from 1004 measurements of nspl3 unwinding or translocating

and across several ATP conditions. Degenerate ion current levels are shown in light blue
dashed lines.
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B.4 Supplementary figures for chapter 2
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Figure B.2: Distribution of average dwell time per enzyme for varying [ATP]. From left
to right: 1000 uM, 600 uM, 300 uM and 150 uM. Each row/panel is an independent
nanopore experiment. Dashed line is through the mean for the distribution.
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