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ABSTRACT OF THE DISSERTATION

On the Genome Release Dynamics of Single-Stranded RNA Viruses.

By
Richard William Sportsman
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2020

Professor William M. Gelbart, Chair

Measurements are described that begin to elucidate the mechanism by which
some RNA viruses deliver their genetic information to their hosts. The work focuses on
two closely related icosahedral viruses, Cowpea Chlorotic Mottle Virus and Brome
Mosaic Virus. Each consists of a 28-nm diameter icosahedral protein shell, the capsid,
containing an approximately 3000-nt long single-stranded RNA. We hypothesize that
the RNA inside the capsid is delivered to the host’s ribosomes by a thermal fluctuation
of an end of the RNA being made available in a process called co-translational delivery.
In this process, an end of the RNA fluctuates out of an intact capsid, is captured by the

ribosomal machinery and is pulled out of the capsid under force.



We conducted studies to characterize RNA fluctuations that occur through capsid
pores by capturing an RNA end. To realize this capture we have utilized ribosomes and
purified eukaryotic initiation factor complex elF4F. This complex is known to initiate the
cap-dependent translation process of mMRNA by eukaryotic ribosomes. In other studies,
the fluctuations of the RNA outside of the capsid were captured by utilizing biotinylated

fluorescent RNA which were caught by streptavidin-coated surfaces or nanopatrticles.

Additionally we obtained preliminary data using magnetic tweezers to measure
the forces required to extract RNA from a capsid with a protruding RNA end. Rather
than capture a fluctuation in this force measurement work, we designed a virus like
particle construct dubbed a “cherry bomb”. We produced this construct by packaging, in
vitro, an RNA where its 5’ terminus had been made rigid by hybridizing to it a length of
complementary DNA that is sufficiently long, such that it cannot be accommodated

within the virus capsid.

Finally, we investigated how RNA can be condensed at the single-molecule level
using polyvalent cations and observe changes in how a condensed RNA can be

packaged into virus like particles by viral capsid protein.

Our results hint at the inherent dynamics of the viral RNA genome and its capsid
shell, and the complex processes involved in a virus interacting with its host, processes
that have been difficult to measure using other structural biological or physical chemical

techniques.
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Chapter 1

Introduction

Viruses offer ideal systems of study because they are a simplified biological
entity with understandable, yet, astonishing complexity. A virus, and specifically its
particle form — the virion — consists of at least two components, a nucleic acid and a
protein coat, which together form a capsid, the container which protects and delivers the
genetic cargo in its journey to its next host. The viruses that are the focus of this
dissertation are Cowpea Chlorotic Mottle Virus (CCMV) and Brome Mosaic Virus (BMV);
both are icosahedrally-symmetric viruses which contain single-stranded RNA (ssRNA)
as their genetic cargo, enclosed by 180 identical copies of a capsid protein, forming the
capsid shell of the virion.

Since there are many different types of viruses present on earth, we focus on
classifying them into two types, a gross oversimplification, but nevertheless a valid one
for purposes of the biophysical approach that we have taken to study them. The first
group includes double-stranded viruses, whose pre-assembled empty capsid shells are
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filled with double-stranded nucleic acid genomes, usually by a viral-derived DNA
packaging motor that uses ATP of the host to package the DNA into the capsid; these
viruses often have pressure-based genome release mechanisms, (e.g. T7, lambda, T4
phages or Herpes Simplex Virus-1)*. The second group with drastically different life
cycles, consist of single-stranded nucleic acid viruses that usually rely on a
spontaneous co-self-assembly process; here the single-stranded genome acts as a
large negatively charged scaffold for positively-charged capsid protein to interact with
and with proper cytosolic conditions, eventually the capsid proteins can re-organize
around the RNA to form a symmetric shell (e.g., many of the alphaviruses, HIV,
Hepatitis C virus, picornaviruses like poliomyelitis and others).

Our group has recently focused on the bromovirus family, specifically Brome
Mosaic Virus (BMV), the type species, and Cowpea Chlorotic Mottle Virus (CCMV).
These two icosahedral viruses have served as models for virus self-assembly since the
mid-1960’s, when the first demonstration of an icosahedral virus in vitro reconstitution
was reported®*. This came only a few years after the first reconstitution of a helical, rod-
shaped, virus capsid, Tobacco Mosaic Virus, from its component RNA and capsid
protein parts by Fraenkel-Conrat & Williams*, which was in turn a follow-up of the work
by Takahashi and Ishii®® wherein empty TMV rods and other assembly products were
produced upon dropping the pH of the purified TMV capsid protein solution. These
viruses are excellent models for viral self-assembly as they can be easily reconstituted
from only two purified components, the capsid protein of the virus and an RNA of
sufficient length. 180 copies of the selected bromovirus capsid protein - through largely

electrostatic attractions to the RNA and a variety of interactions between proteins -



forms a protective truncated icosahedron protein shell around the RNA. The
icosahedron is one of the “Platonic solids”, a regular, convex polyhedron, with twenty
triangular faces, and twelve vertices, described in depth by the Greek philosopher Plato
and expounded upon by the Greek geometer Euclid in the Elements. As geometry and
biology have intertwined, advancing our understanding of virus self-assembly and
delivery for over 60 years, much has been revealed regarding viruses life cycles. How
the process of viral self-assembly produces a symmetric capsid, has remained an active
area of research, both in basic and applied studies, to better understand the kinetics of
the process, develop gene therapies and potentially thwart the viral self-assembly
process.”®

In the natural infections of the bromoviruses the virion may be transported by a
vector such as an aphid/beetle to a new host plant, such that the virus can be replicated
again. As will be noted below, the virus must make contact with exposed cytoplasm of
the host plant, and often this cytoplasm is made available by either plant abrasion or
insects biting/damaging the plant and releasing the virus.

In many plant viruses, the viral genome is segmented, with multiple RNAs
necessary for an active infection. In the case of the bromoviruses, these RNAs are
packaged in separate virions, making them multi-partite viruses, each virion containing
a different molecule of the genomic RNA, with the total amount of RNA per capsid being
~3000 nucleotides. While many studies have worked on the complex host-virus
interactions that are necessary for the virus to survive®*?, there remain many steps in
the viral life cycle that are not well understood, especially regarding the disassembly of

the virus.



We chose to focus on a question that has vexed virologists for over 50 years. If a
virus particle, particularly an icosahedrally symmetric one, can self-assemble
spontaneously into a relatively stable capsid, then how does the genetic cargo initially
get out of the capsid to access and take advantage of the host cell biochemical and
genetic machinery?

To study this question, we must first consider a few factors that may influence
RNA structure within the capsid and how it may be able to release the genome once it
enters the host cytoplasm. Many viruses change their conformational state upon being
delivered to and interacting with a host cell's surface and during the process of being
taken inside the cell®. A route that many plant viruses take is through delivery by insect
carriers that take virus up from an infected plant and deliver it to another plant, usually
by abrasion or biting into the plant, generating damaged cells with their cytoplasm
exposed. Inside the insect’'s gut/mouth parts, solution conditions are typically slightly
acidic (pH 4-5) and contain high concentrations (approximately millimolar) of divalent
cations such as calcium, conditions that are known in vitro to favor the compact (“un-
swollen”) conformation of the virion as visualized by cryo-EM single-particle
reconstructions and x-ray crystal structures.*® Once the capsid has been transported
and subsequently released into the host cell's cytoplasm — where it experiences a low
free-divalent cation concentration along with a pH of ~7.4 — it is likely to promote the
swelling of the capsid. This is suggested by the fact that under in vitro conditions of pH
7.4 along with low concentration of divalent cations the capsid is known to swell radially

as much as 10 percent in diameter from the compact virion form; further, by cryo-EM



and x-ray crystallography, it has been observed that at the three fold axis of the virion
pores increase in diameter from 0.5 nm to about 2 nm.*

A simple hypothesis, proposed by T.M.A. Wilson and colleagues,** is the idea that
the viral RNA is made accessible to the host through this swelling transition observed in
vitro and that RNA may be pulled out of the capsid shell by the host’s ribosome. In fact,
for purified systems of capsids and cell-free extracts, this has been observed for the
bromoviruses and tobamoviruses that infect plants, and other alphaviruses that infect
mammals such as semliki forest virus.*** Following co-incubation of different viruses
with ribosome extracts, density gradient centrifugation analysis and electron
micrographs reveal the presence of poly-ribosome capsid complexes. From these
studies it has been speculated that only one end of the RNA, the 5' end, may be
necessary to be made available to the ribosome factors such that the RNA can be
pulled out of the capsid by the mRNA translocating ribosome. This process, often
referred to as co-translational disassembly, is dependent on ATP and GTP, charged
tRNAs, amino acids and functional ribosomes and their associated protein factors. We
prefer to modify the name of this process to be co-translational delivery as the capsid
does not necessarily disassemble immediately upon the beginning of translation, at
least as observed in vitro.*> For CCMV, the capsid appears to be relatively intact until
the time at which enough ribosomes have translocated, or pulled out, a sufficient
amount of mMRNA from within the capsid, in Roenhorst, et al. this appears to be about
four ribosomes bound. Estimates for this critical amount of RNA removed from the
inside of the capsid appear to be close to ~15% percent of the viral RNA, where it is

predicted that due to changes in the amount of electrostatic charge balance between



the 180 of the viral capsid protein’s 10 positive charges on their N terminus, which are
known to interact with the RNA of the virus, and the loss of the negatively charged RNA
inside the capsid, the capsid may begin destabilizing and come apart. Nevertheless,
these studies, which do not benefit from high-resolution structure determination of the
process of RNA being translocated out of the capsid, are not able to clarify the nature of
how the RNA is made available in the first place to the host's ribosomes.

While this hypothesis has evolutionary arguments that the viral RNA genome is
maximally protected until it is translated by its host's ribosomes, there may be other
mechanisms that we need to consider and determine the likelihood of. For example it
could be that the virus upon entering its host's cytoplasm undergoes partial capsid
proteolysis, or a defect in the capsid can be formed through the involvement of host
factors. While for some viruses, like Turnip Crinkle Virus (TCV), preferential proteolysis
of the pentamers of the capsid has been suggested to promote the exposure of the viral
RNA,'® in the case of the bromoviruses this process may not be necessary, partly due to
the fact that the capsid shell does not have as strong protein-protein interactions; but
proteolysis in the cell cannot be ruled out. Could a capsid dimer or pentamer of dimers
be removed by host factors before RNA is released? Indeed, this cannot be currently
resolved because the resolution of the negative-stain images of ribosomes with CCMV
(Roenhorst et al)** is limited and the capsid at least in those images seems relatively
intact. Thus we aim to determine higher-resolution structures of this co-translational
delivery process and learn about this process using structural, biophysical and

biochemical techniques.



To discern how the RNA might make its way out of the capsid, we have begun
studies that examine how an end is made accessible to the ribosomal apparatus. We
have approached this in two different ways, one by use of in vitro self-assembled virus
like particles with modified RNA ends'’, and second by use of purified initiation factors
involved in the first stages of protein synthesis by the ribosome. In addition, we have
begun to work with in vitro translation cell-free extracts to look at later stages of how the

virion might interact with ribosomes.

Capsid protein sequence and structure of the virus and its expanded forms
BMV and CCMV capsids are dynamic particles that have nearly identical
structural homology but differ substantially in amino acid sequence, with about ~70%
sequence conservation at the protein level. The beta barrel jelly-roll fold is present in
many capsids but the bromovirus capsid structure seems to have been evolutionarily
separated from other types of capsids based on structural homology. An interesting
aside: there is a possibility that BMV and CCMV capsid protein have more structural
similarity to kexin-like proteases than to other capsid proteins found in nature and
specifically to the P domain of these proteases,*® based on a DALI server protein
similiarity clustering. Interestingly, these proteases’ P domain is thought to stabilize the
catalytic domain of the protease when complexed with calcium: the P domains of the
kexin-like proteases possess hydrophobic residues that promote association with the
catalytic domains. This hydrophobic interaction from the P domains may be similar to
the hydrophobic capsid protein-capsid protein interactions that are believed to be

shared among the dimers of BMV and CCMYV in solution and in the assembled capsid. If



a virus derived this from its host, or found access to this gene in still another way, it
would be an interesting line of work to investigate in the evolutionary history of these
viruses and their self-assembly properties.

Both BMV and CCMV capsids are believed to undergo swelling transitions in
vivo, and this transition has been observed using density gradient analyses and more
recently x-ray crystallography and cryo-EM reconstructions. The expansion results in
major changes of the capsid at the quasi-three-fold and two-fold symmetry points of the
capsid. As shown below, the virus can expand when in the presence of a neutral pH and
low or no divalent cation solution (if EDTA or EGTA is added this maximally expands the
capsid). This expansion has been proposed to allow for some of the RNA to be made
accessible outside of the capsid, and perhaps, a 5' end of the RNA could fluctuate either
by itself or with a flexible N-terminus to display the RNA outside of the capsid. There
may be entropic gains to the system by having the genome partly outside the capsid

upon entering the low concentration of free divalent cation within the cellular cytoplasm.

Figure 1. a and b a) Compact and b) expanded forms of CCMV are shown above.

These images are generated from CryoEM reconstructions. The expanded form on the



right demonstrates approximately a 10% increase in diameter with the largest
deformations of the capsid occurring at the quasi-three-fold axis where pores are
expanded to approximately two nanometers. Figure 1A was generated from?. Figure 1b

from Tama and Brooks, reprint with permission.*

On the structure of the viral genome in and out of the capsid

While the RNA secondary and tertiary structure is not entirely resolved inside the
capsid in either the cryo-EM reconstructions or the deposited x-ray crystal structures,
the RNA indeed must be deformed to some extent due to capsid protein RNA
interactions, when compared to RNA structures in solution based on neutron scattering,
cryo-EM,# chemical probing/sequencing (e.g. RNA SHAPE and related procedures) or
algorithmic approaches (e.g. mFOLD and other free energy minimizing RNA folding
software). In the Speir et. al.*® cryo-EM reconstruction on CCMYV, approximately 600
nucleotides of averaged electron density can be accounted for of the ~3000 nucleotides
per capsid, but since these reconstructions were done on a sample that contained the
three different capsids (each with a different genomic RNA) and icosahedral symmetry
was imposed, it is currently technically difficult to determine exact sequence or structure
of the RNA within the capsid. Recently, work from our group (Beren et al, 2019, under
review by PNAS) has revealed some of the asymmetric nature of the RNA inside the
capsid. These asymmetric reconstructions of a single BMV capsid, containing RNA 3
and RNA 4 only, suggest that there may not be only one structure of the RNA within the
capsid, but instead an ensemble of RNA structures. Since the RNA within the capsid

must accommodate its shape to the presence of the positively charged N-terminal tails



of CCMV and BMV capsid protein, its density is believed to be concentrated primarily
across the capsid interior surface. Comparing the RNA to a “real” self-avoiding random
walk polymer in three dimensions, which on average takes on an ellipsoidal structure,
this negatively charged RNA inside the icosahedral capsid is constrained by being
largely confined to the positively-charged interior capsid surface, making it more like a
shell of RNA, with a minimal amount of RNA density found in the center of the capsid.
Furthermore, if the capsid is put into a swelling buffer (pH > 7 and low divalent cation
concentrations) its swollen or expanded form is approximately 10 percent larger in
diameter. During this expansion, the RNA moves outward radially with the capsid shell.
Since this expansion results in reorganizations primarily at the quasi-three-fold and two-
fold axes, it may be that RNA in these regions is made more dynamic in ways that may
allow for the single-stranded 5’ end of the RNA to be made accessible to the outside of
the capsid, likely through the expanded-in-diameter pore at the center of the quasi-
three-fold axis. This thesis investigates this fluctuation phenomenon through a variety of

experimental approaches, in the following chapters.
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Chapter 2

in vitro Translation & Ribosomal Initiation Factor Experiments

To catch a virus in the beginning stage of delivering its genome to the host is a
focus of this dissertation. To learn a little about what is known and has been done in the
past, we turn to experiments done by Brisco et al.? (in the lab of T.M.A. Wilson) and by

the work of J.W. Roenhorst et al.*®, as their fundamental studies laid the foundation for

this work.
Swelling of Introduction of Ribosomal machinery
the virus, low the virus to interacts with RNA of the
divalent host cytoplasm virus and begins pulling

cation & pH >7 00 or cell extract RNA out

Figure 1. The co-translational delivery mechanism of a positive sense sSRNA virus.
Virus is introduced into a neutral pH condition with low <0.5 mM free-divalent cation,
condition, resulting in capsid swelling. This condition, similar to cytoplasmic conditions,
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where free divalent cation is relatively low, contributes to viral RNA being made
accessible to the host’s ribosomes through a currently undetermined mechanism, but
our hypothesis is that this is an RNA end fluctuation. Following the initiation steps of
translation, the ribosome can assemble on the RNA and begin translation, translocating
the RNA through its mMRNA channel, and form viral-derived proteins. At some point in
time, this results in the disassembly of the virus, but not until enough of the viral RNA
message has been translated. Figure credit: Cheylene Tanimoto.

Since this early pioneering work of co-translational disassembly (or, the slightly
modified name which we prefer, co-translational delivery — as the viral RNA is being
handed over to the ribosome with the capsid remaining relatively intact), much has been
learned about the structure and working of the actively translating ribosome/mRNA
complex. Ribosomes translate messenger RNA (mRNA) using a variety of protein
components including — arguably most notably — the initiation factors, which are
believed to bind the mRNA before recruiting the ribosomal subunits. In eukaryotes,
these proteins have been classified by the moniker of elF (eukaryotic initiation factors)
amalgamated with a number and sometimes a letter. How does mRNA get in contact
with these initiation factors in the first place? In eukaryotes, the currently accepted
paradigm is that mRNA is first transcribed in the nucleus by RNA polymerase (referred
to in the literature as pol Il) as a pre-mRNA. During transcription, the pre-mRNA is co-
transcriptionally spliced by the spliceosome and simultaneously processed to add a 5'
m’Guanosine cap moiety, a 3’ poly A tail and, in many cases, base modifications like the
methylation of A or C nucleobases. During this process the RNA is bound by many co-

factors including helicases that are involved in remodeling RNA secondary and tertiary
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structure and in handing off the RNA to the nuclear pore complex for export into the
cytoplasm. During this time, the proteins involved in the previous steps of mMRNA
processing and maturation may be exchanged for new cytoplasmic dominant proteins
like the initiation factors of translation. One of the key points about this process to keep
in mind is that mRNA is always bound to proteins such as ATP-dependent helicases,
cap-binding proteins, and others from early synthesis stage to translation and export
into the cytoplasm.

In the case of single-stranded RNA viruses like BMV or CCMV, these RNAs
come into the cell bound up by capsid protein. mMRNA, on the other hand, and shuttled
from the nucleus to the cytoplasm and are bound up by many proteins including ATP
dependent helicases, cap binding proteins and polyA binding proteins. Note, that each
one of the molecules making up the viral genome is a ready-to-translate mRNA,
meaning once it has made itself available to ribosomes, it can be translated without
other preceding steps like the replication of the RNA. It is hypothesized that in the
bromoviruses, upon entering the cytoplasm of its host plant from mechanical damage of
the plant either by abrasion or through an insect’s mouthparts (where the capsid may be
in a lower pH and higher calcium concentration condition which causes the capsid to be
in a compact form), the capsid is believed to expand radially about 10 percent, and a
large part of that expansion comes with the enlargement of pores at the quasi-three-fold
axis of the icosahedral capsid. This pore is ~20 angstroms in diameter according to
CCMV's expanded-form cryo-EM reconstruction (Speir et al)*®. Therefore, it may be
possible that the viral RNA — and in particular its 5’ end — can be made accessible to the

outside of the capsid after expansion through this pore. To capture the RNA from the
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pore, we suggest that the first step may be the binding to this exposed RNA of initiation
factors that include elF4E, elF4A and elF4G.As a first step, we have attempted to
repeat the studies of Roenhorst et al*®, using BMV under these expansion/swelling
conditions and have then explored how to capture these capsid-RNA-initiation factor
complexes and determine how the RNA is making its way out of the capsid through a

pore or defect.

How do viral proteins get initially produced in vitro?

Our initial studies involved using a western blot or similar system to measure the
presence of nascent viral proteins produced after incubation of BMV capsids with wheat
germ cell-free translation extract. We elected to use a fluorescently-labeled lysine-tRNA
reagent, as it was incorporated relatively efficiently into proteins in the wheat germ
system and produced a fluorescent signal determinable in a 8-12% SDS PAGE gel; this
reporter on nascent polypeptide production is useful because of the low background
fluorescent signal. One issue with this system is the presence of free fluorescently-
labeled lysine-tRNA which overlaps with a number of the protein products on the SDS-
page gel of the wheat germ cell-free protein synthesis extract. While there are some
new studies underway to minimize this background fluorescence, most of the work of
this thesis was concentrated on other measurements.

An alternative set of experiments were conducted using in vitro assembled virus
like particles containing renilla luciferase molecules (~1,200 nucleotides long), and
checking the relative efficiency of translation — in a wheat germ cell-free extract — of the

MRNA according to whether it was contained in virus particles, free-in-solution, or
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complexed with capsid protein but not assembled. In this experiment, viruses were
assembled with CCMV capsid protein using the two-step dialysis procedure.” Briefly, in
vitro transcribed 5’ capped Renilla luciferase RNA was incubated in a 4.3 to 1 mass ratio
of capsid protein to RNA in protein buffer (1 M Sodium Chloride, 50 mM Tris pH 7.2, 1
mM DTT, 1 mM PMSF), with final concentrations of capsid protein and RNA at 0.129
mg/mL and 0.03 mg/mL, respectively. This sample was dialyzed with 1000 volume
equivalents of RNA Assembly buffer (RAB: 50 mM Tris-HCI pH 7.2, 50 mM NaCl, 5 mM
MgCl,, 1 mM DTT) for four hours at 4°C . Finally, the dialysate was added into a virus
suspension buffer solution (VSB: 50 mM sodium acetate, pH 4.75, 8 mM magnesium
acetate) and dialyzed again for 4 hours at 4°C. Samples were analyzed by native
agarose gel electrophoresis and negative stain EM.

For the in vitro translation experiment, capsids were dialyzed into a neutral pH
buffer containing solution, a combination of Hepes-KOH and Potassium acetate (HEKO:
40 mM HEPES-KOH, pH 7.6, 100 mM potassium acetate). Capsids were added with ~
1 picomole of capsid, naked RNA or RNA-protein aggregate added to a 20 uL Wheat
germ extract experiment which contained 10 uL of wheat germ (Promega), 2.4 uL of a
concentrated solution of amino acids (varying from 1-10 mM final concentration of each
of the canonical 20 amino acids), 1-5 uL of capsid/RNA in HEKO buffer and 0.8 uL of
Protector RNase inhibitor (Sigma), and the remainder ddH,O. Samples were incubated
at 30°C for 2 hours. All samples were done in technical triplicate. Afterwards, the sample

was measured using a luminometer. Results are in figure 2.
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Figure 2. a and b. a) Renilla Luciferase mRNA in vitro translation assays for
determining translation efficiency of luciferase mRNA alone, mMRNA complexed with
capsid protein, and in an intact, RNase resistant capsid. Bar graph displays the
logarithm of Relative Luciferase Units associated with each of these three samples. b)
Renilla-luciferase-mRNA-containing CCMV VLPs; capsids are approximately 24-28 nm
in diameter.

These results demonstrate a stark difference between RNA and protein in an
aggregate form, and capsids that have a fully-formed shell around the luciferase mRNA.
There is approximately an 80 fold difference in the renilla luciferase photon counts
which correlates with a proportional difference in renilla luciferase protein concentration
generated from the in vitro translation experiment. We believe this could be due to two
things, one, that the time it takes for an RNA to come out of the capsid in this assay is
prohibitive. The other possibility is that some of these capsids are smaller than the
canonical T=3 geometry of the CCMV virus. It has been shown that capsids that are

formed around RNAs that are shorter than 2000 nucleotides long can be packaged into
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particles” which possess non-Caspar-Klug geometries?, including ellipisoidal particles
with un-resolved symmetry. To make up for this later fact, a new set of assays using a
different RNA construct, ~3500 nucleotides which should favor T=3 geometry

preferentially.

Ribosome & preliminary initiation factor complex incubation with capsids

The ribosome can be paused on mMRNA undergoing translation using a few
approaches: either by adding only the first three amino acids to the wheat germ extract
which are the first to be incorporated in the polypeptide from the protein encoding
sequence of the mMRNASs present in the viral genomes; or by using small-molecule
inhibitors of translation elongation such as cycloheximide. In this way single
ribosome/capsid complexes can be captured in relatively similar physicochemical
states. This modified in vitro translation procedure, mixing pre-swollen BMV wild-type
(WT) capsids with wheat germ extract containing all the necessary factors but with only
methionine, serine and asparagine amino acids provided, resulted in a new species
produced in an agarose gel electrophoresis experiment that highly suggests a
ribosome-capsid intermediate has been formed. In a native 1% agarose TAE gel, BMV
WT capsid runs toward the anode if the wells are formed at the top of a 10 cm by 15 cm
mini-gel; the wheat germ extract, which has large and small ribosome subunits, both of
which run toward the cathode; and the newly-formed complex runs approximately
equidistant to these oppositely mobile species, which reflects the change in the mass
and the electrostatic charge of this new complex, most likely a complex that occurs

because of direct interaction of BMV with ribosome species. After careful gel electro-

17



elution of this newly formed band, a negative-stain electron microscope grid (using 2%
uranyl acetate stain) was made of the sample and imaged on a JM-12 Jeol electron
microscope (80kV accelerating voltage).

The images below show — see Figure 3 — the presence of capsid-ribosome
interactions as compared to the work of Roenhorst et al*®. The main two differences
between the Roenhorst et al work and our studies was that they opted to use CCMV
and we used BMV, and secondly, we opted to use in our in vitro translation assay only
the first three amino acids of each of the three BMV RNA genome primary gene
products (where RNAL encodes the helicase, RNA 2 encodes the RNA dependent RNA
polymerase, and RNA3, dicistronic, contains at the 5’ proximal end the movement
protein and the 3’ proximal the capsid protein gene) to capture an early stage of the co-
translational delivery process. In Roenhorst et al, their approach was to capture the
ribosome-capsid complexes after a short period of time of starting the in vitro translation
process, and freeze the experiment using cycloheximide, a ribosome elongation
inhibitor. Following that process, they used glutaraldehyde crosslinking and sucrose
gradients/cesium chloride gradients to separate out the different capsid ribosome
species, where they observe a range of one to four ribosome shaped objects per intact
CCMV capsid, but no more than four, while still maintaining an intact viral capsid. They
suggest that after a certain amount of RNA has been pulled out of the capsid, a collapse
or disassembly of the virus occurs, positing ~15 percent of the genome must be pulled
out for this collapse to occur. We worked with limited number of amino acids and our
observation in electron microscopy was that only single ribosome-capsid complexes

were present.
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Figure 3. Riboso.me-capsid complexes. BMV W'-I' was incubated with wheat germ
extract in the presence of an added solution containing only the three first amino acids
present in the primary gene products of BMV. Samples were incubated for 15 minutes at
30°C, and then pipetted into a 1% agarose gel in 40 mM Tris Acetate, pH7.5; 2.5 mM
CacCl, running buffer and run at 50 volts for 1 hour at 4°C. Gel slices were cut out and
electro-eluted into a dialysis bag (1 hour at 50 volts and 4°C) and subsequently the

electro-eluted sample was loaded onto a TEM grid and stained with 2% uranyl acetate.

Purified initiation factors for incubation with BMV WT

Eukaryotic translation requires a highly coordinated sequential set of initiation
steps, often referred to as the scanning initiation model of translation. As mRNA is
exported from the nucleus of the cell, the eukaryotic initiation factor 4E (elF4E)
complexed tightly with elF4G binds the mRNA 5’ cap structure, replacing nuclear protein
factors involved in splicing, transcription and mRNA error checking. elF4G, a scaffolding
protein, together with elF4E and elF4A form the elF4F complex. elF4A is an ATP-
dependent (and RNA-dependent) helicase, and is believed to unfold RNA secondary

structure such that subunits of the ribosome can assemble on the mRNA. Once this
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initiation MRNA complex has formed, the remaining 40S subunit can assemble along
with elF3, elF2, the charged initiator methionine tRNA and other factors, which begin
the ATP-dependent, 5’-to-3’ linear search on the mRNA for, usually, the first AUG start
codon that has a sequence context similar to the Kozak consensus sequence.® This
dynamic complex, upon reaching the start codon, is often referred to as the 48S pre-
initiation complex and it can recruit the 60S subunit of the ribosome, generating the
mature ribosome complex, with the methionine-tRNA in the P site of the 60S subunit. At
this point, polypeptide synthesis can begin.

To see if we could "fish the end" of the RNA out of the capsid with the initiation
factors (or, put in another way, the RNA, whose end is fluctuating out of the capsid, is
fishing for the initiation factors), we purified wheat (triticum aestivum) initiation factors
from recombinantly expressed versions produced in E. coli (plasmids kindly provided to
us from Professor Karen Browning of University of Texas, Austin)®®. We then incubated
these purified proteins with the swollen virus to look for association. Since initiation
factors involved in the initial binding of messenger RNA are believed to consist of
elF4E, elFAG, elF4A and elF4B, we concentrated on these factors first since we
reasoned that they may be involved in the first contact of the fluctuating RNA coming
out of the viral capsid.

Our first experiments were done by labeling elF4F (the combination of elF4G and
elF4E) with a fluorescent NHS-ester probe. We reasoned that if we were to observe
association, we could observe it using a fluorescent gel assay. While results from this
experiment were not conclusive, partly because background of the assay was high, and

because we only had a limited amount of elF4G to work with, we decided to employ a
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more sensitive assay to observe the initiation factor binding to the capsid, i.e., negative
stain electron microscopy. While the assay was relatively crude, since negative stain
EM can have artifacts from grid preparation, there appears to be association with
capsids with these initiation factors. Our observation of oval-shaped objects next to the
capsid, of the size expected for the elF4F complex (~5nm x 10 nm) was encouraging,
and gave us more evidence that initiation factors may complex with intact virus

particles.

Figure 4. Initiation factor capsid experiments. Some representative negatively-stained
electron micrographs of BMV WT capsids incubated with elF4A, elFAG, elF4E in the
presence of ATP and magnesium. All images were imaged at 200,000x magnification on
a TF20 Tecnai microscope. Oval-shaped objects are observed next to the virus capsids.

Capsid are 28 nm in diameter across, full initiation factor complexes should be
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approximately 5nm x 10 nm, with elF4F complex having an oblong cylindrical form
based on prior crystallographic studies.

If we are indeed capturing a piece of RNA out of the capsid, we should be able to
observe this RNA-helicase interaction, using either single-particle reconstruction or
electron tomography, to see and incorporate into the bound proteins and model in the
density of elF4F's known structures. But most importantly, we may be able, for the first
time, to see specific RNA sequence coming out of the capsid, and indicate where this
RNA is coming from. Further verification using the initiation factor complexes is

underway.

Using tagged initiation factor fusion proteins to catch virus particles

A variation of the experiments above was to capture viruses with elF4E fused to
a Glutathione-S-Transferase protein. This construct, GST-elF4E K119A (from here on
referred to simply as GST-elF4E*), includes the K119A elF4E mutant protein domain
which has a remarkably high affinity for the 5’ end of a viral RNA (low nanomolar Kp)?’
which has higher affinity than elFAE alone?®, because of a removed competitive binding
site for guanosine nucleotides adjacent to the primary cap binding site.

Using this GST-elF4E* has a couple of advantages over just elF4E or elF4G/4F
complexes. First, the fusion protein is ~50 kDa in size, making potential measurements
of capsid-initiation factor interactions (namely by electron microscopy or pull-down
assays/surface plasmon resonance) more easily done. Second, GST can be bound to
surfaces/nanoparticles/microspheres that contain either covalently bound glutathione or

gold via a cysteine-gold bond.?*
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These experiments had two versions, one of them using the protein alone, and
the second with gold nanoparticles covalently bound to the GST-elF4E* initiation factor.
In the protein alone version, it was very difficult to discern if the protein is binding and
how to interpret that interaction, so data is not shown, but the data obtained with the
GST-elF4E* gold nanoparticles is discussed and shown in figures 5 and 6 below.

The second type of experiment was done using gold particles that were made
following a protocol®® developed to make gold nanoparticles that bind specifically to
GST, presumably through a covalent bond to a thiol residue by displacing the gold’s
surface bound citrate ligands. Purification was done using a sucrose gradient and

subsequent pelleting at 10,000*g for 10 minutes at 10°C.

Results of AUNP-GST-elF4E interacting with the BMV WT

Our results suggest that the capped-RNA virus-like-particle is interacting with the
GST-elF4E* gold nanoparticle. Studies done with in vitro assembled VLPs with
uncapped RNA, containing B1 BMV RNA, were also done, and tests were conducted to
detect interaction of the VLPs with the GST-elF4E* gold nanoparticles, specifically
looking for association of the gold with the capsids.

The issue with this assay was that significant aggregation was observed between
capsids and virus particles. After reviewing the literature, it is possible that the 5’ end,
possessing a triphosphate terminus in the in vitro transcribed B1 RNA, could bind elF4E
with a similar affinity. Another possibility is that in vitro assembled capsids have some
variability in their structure, perhaps making them more likely to aggregate on the GST-

elF4E* beads. One more experiment is underway to determine if the beads can interact
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with capped RNA specifically over uncapped RNA along with using the non-triphosphate
ends. We hope that these experiments could also offer higher-resolution structures to
determine if the 5’ cap of the RNA is interacting specifically with the elF4E protein while

the capsid remains largely intact.

Figure 5. Negative stain electron microscopy images of BMV WT in complex with GST-
elF4E* gold particles. Capsids are 28 nm in diameter, gold ~20 nm in diameter which
appear as solid black circles in the EM because of the gold’s inherent high electron
density. The halo around the gold is interpreted to be the GST-elF4E* protein as EM

images with only 20 nm AuNP do not have a light colored halo around it, while the AUNP
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activated with the addition of GST-elF4E* look identical under EM as the gold

nanoparticles present in the image.

Figure 6. Aggregation with 5’ triphosphate-B1 RNA containing BMV VLP control assay
for non-specific interactions of GST-elF4E* AUNP. Aggregation of GST-elF4E* 20 nm
gold nanoparticles with or without capsids is frequently observed in this negative stain

TEM data.
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Method for gold particle synthesis, protein labeling, and interaction with virus
particles.

20 nm citrate capped gold particles were synthesized by the Turkevich method.
11 mL of 20 nm AuNP at approximately 1 nM concentration were concentrated using
centrifugation at 17,000g for 15 minutes at 10°C. Supernatant was removed and
approximately 120 uL of concentrated gold was dialyzed overnight into 20 mL of 8 mM
HEPES-KOH, pH 7.4; 20 mM Potassium Acetate 1 mM EDTA (0.2x HEKO buffer +1 mM
EDTA). This sample was sonicated for 1 hour at ~10°C in a bath sonicator. The sample
was then diluted into 12 mL of 0.2x HEKO. Then GST-elF4E* was added at 120 nM
concentration in 0.2x HEKO EDTA. To remove excess protein from the samples, a step
sucrose gradient (14 mL of 30%,7 mL 40%,7 mL of 60%) was run at 25,000 rpm in a
SW28 swinging bucket rotor for 25 minutes at 10°C (This is not an isopycnic gradient;
equilibrium buoyant positions of the particle are not reached, since the densities of the
hydrated gold particles surpass that of the most dense sucrose solutions present in the
step gradient). Samples were collected mostly in between the 40% and 60% interface,
but some particles had sedimented to the bottom and these samples were collected as
well. To remove sucrose, samples were diluted three fold into 0.2x HEKO EDTA. Then
samples were pelleted gently at 10,0009 for 20 minutes at 10°C. This was repeated
three times, but the volume remaining from pelleting was approximately 50 uL from
originally 1,500 uL, therefore a 30 fold dilution was done using 0.2x HEKO buffer to
bring the volume back up to 1,500 uL in these subsequent two pelleting steps, resulting
in a ~2,700 fold dilution of sucrose in total (from an initial fraction containing ~60%

sucrose down to ~0.02%). GST-elF4E* AuUNPs (16 nM AuNP), BMV WT virions (80 nM)
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and uncapped B1 RNA containing BMV VLPs (~220 nM) were then separately dialyzed
into HEKO EDTA buffer (20 mM HEPES pH 7.4; 100 mM Potassium Acetate, 1 mM
EDTA). For the experiment, all samples were mixed with an approximate 1 to 1 ratio of
gold to virus or VLP, resulting in ~13.33 nM AuNP and 6.666 nM capsid (10 uL of AUNP
+ 1 uL of virus/VLP). This ratio was chosen on the basis of how the stability of
concentrated gold particles evolves in time, to minimize aggregation. It is estimated that
~100 protein equivalents can bind the surface of the gold particle, meaning that there
are ~ 200 mole equivalents of initiation factor per virus in this experiment. This may be
key to maximizing the chance of catching an RNA end fluctuation. Incubation times
were selected to be 1 hour, 2 hours, 6 hours, 12 hours, 24 hours, 48 hours and 96 hours
at 25°C. Immediately upon mixing virus/VLP with the GST-elF4E** AUNPs, there
seemed to be a shift to a purple color in the resultant solution indicating some form of
aggregation may be occurring. Samples were analyzed using electron microscopy at a
1 to 20 and 1 to 200 dilution factor in HEKO EDTA (pH 7.4) on a TF20 FEI 200kV

electron microscope.
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Chapter 3

in vitro Self-Assembly of Biotinylated-RNA-Containing Virus-Like-Particles &

Biotinylated-RNA-End Fluctuation Binding Experiments

To understand the genome delivery process of sSRNA viruses, our approach was
to make a specific probe that could report on how RNA from inside an intact virus like
particle (VLP) might make its way outside its host shell possibly through a fluctuating
RNA end. A fluctuation, particularly a thermal fluctuation, is defined as a random
deviation of an object or system from an average state occurring when a system is at
thermodynamic equilibrium. Our experiments were designed to probe how a 5’ end of
an RNA may thermally fluctuate in and out of an intact capsid, perhaps through a pore
in the capsid. Specifically, we take purified BMV or CCMV capsid protein which contain
9-10 positive charges on its N-terminus (depending on whether BMV or CCMV capsid
protein is used, respectively), and mix it with an RNA of interest (the RNA of interest can

be packaged in a single virus particle if the RNA length is anywhere in the range from

28



several hundred to ~4000 nt) at a pH of 7.2 and an ionic strength of ~ 0.1-0.3 (100-300
mM). An RNA-protein aggregate is formed within 30 minutes of mixing; usually, at this
stage, the capsid is not completely formed, but may possess some elements of local
icosahedral order (this can be observed by cryo-EM*). After this, the pH is lowered to 6
or below (from pH 4-6) by dialysis or mixing with a low pH solution, and capsids are
formed. This assembly route may or may not correspond to what occurs in vivo, but
many properties of this self-assembly process can be studied from this purified-
components approach.

We utilized this approach to prepare BMV and CCMV VLPs to study the
mechanism of how a virus forms and of how it may deliver its RNA to its host. As
discussed in the preceding chapter, one aspect of this thesis work was to specifically
determine the way in which an end of packaged viral RNA can be made accessible
outside of the capsid without the capsid necessarily coming apart. Our hypothesis was
that the 5' end of the viral RNA may be made available to the host via a fluctuation of
the RNA end coming out of a “hole” between capsid protein subunits making up the
intact capsid. This possibility is further enhanced by the isometric expansion of the
capsid following dialysis into a neutral-pH, low divalent-salt-concentration, swelling
buffer, which results in hole sizes on the order of 2 nm in diameter at the quasi-three
fold axis*®*(see chapter 1 Figure 1 of this thesis). An alternative scenario is that the
capsid begins to undergo disassembly before releasing its RNA to the host ribosomal
factors necessary to pull the remaining parts of the RNA out of the capsid. It has been
reported that Cucumber Necrosis Virus (family tombusviridae), for example, may be

disassembled by binding of its capsid by chaperone proteins in the new host’s cell*.
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To test this fluctuation hypothesis we carried out in vitro self-assembly reactions
with BMV viral RNA and capsid protein, but first modifying the 5' end of the RNA with a
biotinylated residue; the self-assembled capsid is then swollen to increase pore size
and thereby make the 5 RNA end more accessible to the outside of the capsid. This
biotinylated form of BMV's RNA 1 molecule was generated by in vitro transcription using
a dinucleotide initiator, biotin-ApG — see Figure 1 below, with the biotin covalently
attached to the adenine nucleotide as described in*.To serve as the negative control,
VLPs were also in vitro reconstituted with viral RNA whose 5’ ends were not

biotinylated.

Figure 1. Biotin ApG dinucleotide structure adapted from .

The biotinylated or control B1 RNA was purified by an RNeasy column (Qiagen)
and mixed with purified BMV capsid protein (BMV CP) in a super-stoichiometric 4.8 : 1
CP to RNA mass ratio, this ratio was experimentally determined by running a native
agarose gel at different mass ratios, determining that 4.8:1 maximized encapsidation

efficiency without forming larger aggregates that can occur at higher capsid protein to
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RNA ratios. This ratio ensures the encapsidation of all the RNA in the solution when
using pure BMV WT capsid protein’. After mixing, capsid protein, at a final concentration
of 0.144 m/ml, associates with the RNA, at a final RNA concentration of 0.03 mg/ml in
RNA Assembly Buffer (RAB; 50 mM Tris-HCL pH 7.2, 50 mM sodium chloride, 10 mM
potassium chloride, 5 mM magnesium chloride, 1 mM DTT), by electrostatic attraction.
This mix was incubated for 60 minutes at room temperature. At this point, the solution of
partly-assembled capsid is subjected to a quick drop in pH by adding either one part
1.08M acetic acid solution into 100 parts RNA-protein assembly mix, or by diluting the
assembly reaction 9-fold with a pH 4.75 Virus Suspension Buffer (VSB) solution, in both
cases resulting in a pH of ~4.75. These assembled capsids were purified and analyzed
using gel electrophoresis and negative-stain electron microscopy. The capsids were
then RNase A treated for 1 hour at 4°C (RNase A at 4ng/uL final concentration) and
extensively washed in VSB by spinning in a 100kDa Amicon filter at 4500*g for 5
minutes, filling up to a 500 uL volume with VSB, and spinning again, repeating this
process a total of eight times. VLPs are recovered and dialyzed into a HEKOE swelling
buffer (20 mM HEPES-KOH, pH 7.5 100 mM potassium acetate, 0.1 mM EDTA) and
then incubated in either 96 well plates coated with streptavidin or with quantum dot
nanoparticles also coated with streptavidin details, as explained in the following two

sections.

Catching a fluctuation using nanoparticles.
After an initial "catch", capsid-nanoparticle complexes were subsequently diluted

to ~0.02-0.04 mg/mL in HEKO buffer to be observed on negative stain EM grids. We
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utilized streptavidin-coated quantum dots (approximately 5-8 nm in length, ellipsoidal
particles, Invitrogen), and mixed them with biotinylated-B1-RNA-containing CCMV
capsids in 4 to 1 ratio in HEKOE buffer and incubating at 25 °C as shown below. Typical
micrographs are shown in Figure 2. We believe we are observing an interaction that is
mediated by streptavidin — biotin coupling between the streptavidin functionalized

guantum dots and the biotinylated RNA fluctuation outside of the CCMV VLP.

Figure 2. Streptavidin coated quantum dots (565 nm emission, Invitrogen) at a final 400
nM concentration were incubated with final concentration of 100 nM CCMV VLPs
containing biotinylated RNA in a swelling buffer (20 mM HEPES-KOH, pH 7.5; 100 mM
Potassium Acetate; 1 mM EDTA). After an overnight incubation at room temperature
(~25°C), samples were diluted 50 fold and spotted onto carbon and parlodion coated
copper TEM grids for one minute, then stained with 2% uranyl acetate to add contrast,

blotted dry, and imaged using the FEI TF20 electron microscope at 200kV accelerating
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voltage. For reference, capsids are measured to be ~26-28 nm in diameter, with

variation due to staining effects.

These electron microscopy experiments proved difficult for observing specific
interactions between the capsids and the quantum dots, partly because these small
guantum dot particles were hard to detect in a large enough field of view to provide
significant statistics in a reasonable amount of time while remaining at high enough
dilution to insure real interactions and not just coincidental co-localization. Another issue
was that when TEM was done in dilute conditions, namely when the average distance
separating each particle is at least an order of magnitude greater than the size of the
particles - a condition that is a requirement to determine specific interactions of these
particles with the capsids - the capsids can become "positively stained" with the uranyl
acetate. (Positive staining results in images where the capsids are dark and the
background light, the inverse of what is found in negative stained TEM.) Because of this
effect, capsids appear in the transmission electron microscope as dark spheres rather
than more well defined icosahedral objects with clearly visible hexameric and
pentameric units . Since the capsids appear as dark spheres, determining if another
dark object that is four times smaller in diameter is co-localized with the capsid (hamely
the streptavidin-coated quantum dot nanoparticle) was somewhat difficult, especially at
large fields of view that are better for gathering statistics on EM. Further experiments
are underway to expand on these preliminary results, utilizing slightly larger

nanoparticles functionalized with streptavdin.
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Catching an End Fluctuation Using Streptavidin Coated Plates

While quantum dot particles allow for a direct visualization of the interaction with
the biotinylated RNA fluctuating outside the capsid with streptavidin, and perhaps even
allow for more sophisticated techniques like single-particle reconstructions of where and
how the RNA capsid fluctuation is occurring in the capsid structure, we have found that
a useful assay for determining if an RNA can fluctuate out of a capsid is by direct
incubation with a streptavidin-coated surface, specifically, 96 well black plates with
covalently bound streptavidin attached to the bottom of the wells. More explicitly,
biotinylated BMV RNA 1 molecules (and the control BMV RNA 1 molecules without
biotin) were fluorescently labeled by 488nm-UTP nucleotides randomly incorporated
into the RNA during in vitro transcription, and then were mixed with BMV capsid protein
in an in vitro self-assembly reaction, forming VLPs following the acetic acid pH drop.
After RNase A treatment for 1 hour at 4° C, to remove non-encapsidated RNA (RNase A
at a final concentration of 4 ng/uL with capsids that were at 0.15 ug/uL in VSB buffer, pH
4.75), the VLPs were washed with (filtered and autoclaved) VSB buffer in a 100 kDa
Amicon filter at 4500*g for 5 minutes and this process repeated a total of 8 times,
resulting in a ~100,000,000-fold dilution of RNase A (RNase A, 13 kDa, is significantly
small enough to go through the 100 kDa molecular weight cutoff amicon filter
membrane). Capsids were recovered from the amicon filtration unit and were
approximately 7 fold more concentrated than from assembly conditions (~1 mg/ml
versus ~0.15 mg/mL); they were then immediately dialyzed into HEKOE buffer (20 mM
Hepes KOH, pH 7.6, 100 mM potassium acetate, 0.2 mM EDTA) such that capsids

would be in a swollen state.
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For the fluorescence plate assay, the sample was then mixed into a filtered
HEKOE buffer that included, 5% DMSO, 0.1% Bovine Serum albumin (BSA), 0.002%
tween-20 and 40 units of Protector RNase inhibitor (Roche). DMSO has been shown to
be helpful for promoting single-stranded nucleic acid dynamics, which is important for
enhancing a fluctuation of the RNA out of the capsid.* Tween-20 is used as a surfactant
to prevent surface interactions with the capsid and preventing their denaturation. BSA is
present to prevent any non-specific binding of the capsids to the 96 well plate. Using the
streptavidin-coated plates required the washing of the wells with 200 uL of high-salt
HEKOE buffer (200 mM potassium acetate rather than 100mM) as many as five times,
because the plates provided by the manufacturer,Sigma Aldrich were coated with a
proprietary preservative that is suggested to be washed away by the manufacturer.
These plates were then incubated for increasing amounts of time with a solution of
biotinylated-B1RNA-containing VLPs (and a solution of the non-biotinylated-RNA control
VLPs) — that had been previously RNaseA-treated and dialyzed in the HEKOE buffer as
noted above — at a standard in vitro self-assembly concentration (0.15 mg/mL). Each
time point was measured in triplicate with 1 picomole of virus particle per well. Each
plate was gently rocked in the dark at 30°C, and time points were taken after washing
five times with high-salt HEKOE buffer.

Remarkably, following this streptavidin-coated plate incubated either with
biotinylated B1 RNA VLPs or the control B1 RNA VLPs, a specific interaction could be
measured. In the figure below, there appears to be approximately a three-fold difference
of fluorescence intensity due to binding of the streptavidin coated plate between the

biotinylated-RNA VLP and the control VLP at 24 hours and maintained at 96 hours. Our
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interpretation of this is that — while both samples involve non-specific binding of the
capsids to the plates, and both sets of viral-RNA-containing VLPs involve fluctuation of
the RNA 5-end outside the capsid -- only the biotinylated-RNA capsids can be
specifically bound by their RNA ends being caught by the streptavidin-coated plates.
The control VLP with the non-biotinylated RNA and its non-specific binding is
what we should consider "background" and is used to compare to the specific binding of
the biotinylated RNA containing VLP. We hypothesized that we would see a linear
increase of fluorescence with time from the biotinylated-B1 VLPs because biotinylated-
end fluctuations should be caught by the streptavidin surface irreversibly, and at a
constant rate, so that the number of caught VLPs is simply proportional to the time.
Then number of non-specifically-bound VLPs, on the other hand, is expected to level off
to an equilibrium adsorption value — corresponding to an asymptotic, sigmoid-like.
fluorescence intensity response — in a manner consistent with a langmuir isotherm
model. There should also be a non-specific binding effect of the biotinylated-RNA VLPs,
and the fluorescence intensity measurement due to this effect should be similar to the
B1 control VLPs as well. We could then expect to subtract this background non-specific

binding contribution and see a linear increase in fluorescence intensity.
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Long-Term Incubation of Biotinylated-RNA VLPs with Streptavidin Coated Surface
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Figure 3. Plot of fluorescently labeled and bound biotin and B1 RNA containing virus
like particles to a streptavidin coated 96 well plate. Measurements were taken with 488
nm excitation and 519 nm emission wavelengths (10 nm bandpass filters). Data is
displayed in fluorescence units normalized to fluorescence differences between control
and experimental VLP samples. Each RNA was fluorescently labeled to a similar extent
by random incorporation of fluorescently labeled uridine nucleotides during in vitro
transcription. Measurements were taken in triplicate and displayed with error bars
indicating one standard deviation from the mean. An average of the triplicate values
from the four time points, involving 50 uL samples (BMV VLPs containing biotinylated-
B1 RNA or non-biotinylated-B1 RNA) were taken at the different times indicated. All
incubations were done at ~30° C. At each time point, the sample solution was removed

and five washes were performed with high salt HEKOE buffer pH 7.6 + 0.02% tween-20.
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The ratio of fluorescence intensity between biotinylated RNA containing VLPs to non-
biotinylated RNA containing VLP) binding is observed to be ~3 for the 24 hour and 96
hour incubated time points. Assays are underway to extend this time reference out to
about 144 hours to see if a relationship, which is expected to be linear in catching a
fluctuation specifically, versus a non-specific interaction with the non-biotinylated B1
RNA containing VLP control.

Furthermore assays were done to analyze the stability of the capsids at the later
two time points in the B1 and Biotin B1 VLP incubation on the streptavidin plate.
Samples were pipetted off of the 96 well plate and diluted by a factor of three to arrive at
a dilution appropriate for negative stain EM analysis. This gel shows that these capsids
are indeed still intact, at least to the level of visualization of the gel by eye, without

apparent RNA degradation.

Figure 4. B1 and Biotin B1 RNA containing VLPs were run on a 1% agarose gel in OVB

buffer pH 5.5 run at 50 volts for 1 hour at 4°C. Samples were further stained with 3x gel
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red stain for 45 minutes at room temp and then images on a pharos FX plus gel scanner
operated at the ethidium bromide default settings (medium sample intensity, 532 nm
excitation, 605 nm emission bandpass filter). From left to right, lane 1 is Biotin B1 VLP
without incubation on the streptavidin plate (control), lane 2 is B1 VLP after 24 hours,
lane 3 B1 VLP after 96 hours, lane 4 is Biotin B1 VLP after 24 hours, lane 5 is Biotin B1

VLP after 96 hours.

Discussion

Our results suggest that a fluctuation of the 5’ end of RNA, outside the capsid, is
occurring from an intact virus-like-particle based on gels of analyzing the capsid after
they have been incubated with the streptavidin plate and that this may be a useful
model to understand the first step of genome delivery in many single-stranded RNA
viruses. One note that complicates this picture is in the experimental design. By using
the 5’ biotinylated RNA as a probe, we have modified the viral RNA with a biotin
attached with an 8-carbon-chain linker (see Figure 1). By contrast, in the wild-type virus
the 5’ end of the capsid has a “linker” of a triphosphate and the cap is a methylated
inverted guanosine residue, its linker length and charge is significantly different from the
8-carbon-chain biotinylated ApG residue. Therefore we must be cautious over-
interpreting the results from this experiment and extrapolating to the WT virus’ genome
release mechanism. But we believe it is still a useful set of assays that have informed
our complementary studies using wheat germ extract cell-free in vitro translation assays

and initiation factor protein incubations with capsids.
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Chapter 4

A Simple RNA-DNA Scaffold Templates the Assembly of Functional Virus-Like-

Particles

Rees F. Garmann, Richard W. Sportsman, Christian Beren, Vinothan N. Manoharan,
Charles M. Knobler, and William M. Gelbart
Abstract

Using the components of a particularly well-studied plant virus, cowpea chlorotic
mottle virus (CCMV), we demonstrate the synthesis of virus-like particles (VLPs) with
one end of the packaged RNA extending out of the capsid and into the surrounding
solution. This construct breaks the otherwise perfect symmetry of the capsid and
provides a straightforward route for monofunctionalizing VLPs using the principles of
DNA nanotechnology. It also allows physical manipulation of the packaged RNA, a
previously inaccessible part of the viral architecture. Our synthesis does not involve

covalent chemistry of any kind; rather, we trigger capsid assembly on a scaffold of viral
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RNA that is hybridized at one end to a complementary DNA strand. Interaction of CCMV
capsid protein with this RNA-DNA template leads to selective packaging of the RNA
portion into a well-formed capsid, but leaves the hybridized portion poking out of the
capsid through a small hole. We show that the RNA-DNA protruding from the capsid is
capable of binding DNA and DNA-functionalized colloidal particles. Additionally, we
show that the RNA-DNA scaffold can be used to nucleate virus formation on a DNA-
functionalized surface. We believe this self-assembly strategy can be adapted to viruses

other than CCMV.

Graphical Abstract
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Small RNA viruses consist entirely of genomic RNA packaged inside a one-
molecule-thick protective protein capsid (Fig.1). In addition to making up a large fraction
of the world’s viral pathogens, small RNA viruses are helping to define new fields of
applied science through their use as functional nanoparticles®'. For example, they have

been exploited as contrast agents for biomedical imaging®~*, as vectors for the delivery
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of small molecules and genes to cells****, and as nanoscale building blocks for the

formation of superstructures with unique material, optical and dynamic properties’ .

Figure 1. The capsid of cowpea chlorotic mottle virus (CCMV), like many small RNA
viruses, has icosahedral symmetry and consists of 180 copies of its capsid protein.

Diameter is 28 nm. Generated from PDB accession number 1CWP using NGL viewer®

Much of the utility of small RNA viruses derives from their symmetric capsids
which can be engineered to display a high density of functional moieties. Indeed, an
arsenal of functionalization strategies *** have been developed that combine
molecular biology (cloning) and/or selective covalent chemistries to isotropically label
the various polyvalent surfaces (exterior, interior, and interfacial®**) of the capsid.
However, in situations where a high degree of labeling is not desired, monofunctional
particles that display only a single copy (or a specific limited arrangement) of a
particular functional group are needed. Mono-functional virus particles are difficult to
produce®® in a controlled way due to the inherent symmetry of the capsid and its

abundance of equivalent binding sites.
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Lying just beneath the capsid, the viral RNA contains a wealth of inequivalent
binding sites that could in principle be selectively targeted using the methods of DNA
nanotechnology®-®. Unfortunately, the capsid is impermeable to these techniques — the
main evolutionary purpose of the capsid is to protect the RNA from unfavorable
interactions with macromolecules from the outside world. Our work bypasses this
inaccessibility through the synthesis of virus-like particles (VLPs) with a portion of one
end of the RNA extending outside of the capsid (Fig. 2). With the symmetry of the
particle broken by the exposed RNA, we generate robust monofunctionalization through

the conjugation of desired moieties using only Watson-Crick basepairing.
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Figure 2. (A) Schematic illustration of assembly of the “cherry bomb”. (B) Positive-stain
transmission electron micrograph (TEM) of a cherry bomb capsid (dark sphere
measuring 26 nm) and its RNA-DNA appendage (lighter strand extending upward).

Our synthesis (Fig. 2A) does not require genetic modification nor covalent
chemistry, but instead relies on the ability of a particularly well-studied small RNA virus,
CCMV, to be disassembled and reconstituted by self-assembly in vitro®. Additionally, we
exploit the qualitative structural differences between single-stranded (ss) and double-

stranded (ds) nucleic acid to reshape the viral RNA that templates the assembly. Due to
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extensive intramolecular base pairing, SSRNA of the length naturally packaged by
CCMV (about 3 knt) is a highly branched, flexible, compact object that has physical
dimensions comparable to the capsid interior> (22-nm internal diameter). In contrast,
the same length (3 kbp) of ds-DNA occupies a much larger volume due to its increased
stiffness (~50 nm persistence length) and lack of branching. As a result, ds-DNA longer
than about 75 bp cannot be accommodated within the interior volume of the CCMV
capsid and does not function as a template for normal capsid assembly ™",

By hybridizing the first 185 bases at the 5'-end of a 3.2 kb ss-RNA with a
complementary ss-DNA strand, we dramatically stiffen the 5'-end of the RNA. [We use
the 5'-end of the 3234-base RNA molecule (“B1”) of the tripartite genome of brome
mosaic virus (BMV), although either end of any similar-length sequence will likely do.]
Here, the DNA strand (see Sl) acts as a molecular splint. The resulting RNA-DNA hybrid
can be expected to behave as a compact, flexible, branched 3-kb ss-RNA connected to
arigid, linear, 185-base ds-RNA-DNA appendage (see second-from-left cartoon in
Figure 2A). The physical length of the ds portion is about 50 nm. It is very stable (85 °C
melting temperature) owing to its perfect sequence complementarity. The in vitro
packaging of this RNA-DNA hybrid by CCMV capsid protein (CCMV CP), using the
same protocol developed earlier for pure RNA,>*° results in the selective encapsidation
of the ss-RNA portion and leaves the ds-RNA-DNA appendage poking out of the capsid
and into solution. We refer to this final construct as a “cherry bomb” because of its
structural resemblance (Figure 2B, additional images shown in SlI, Figure S1) to the

well-known explosive firework."
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While the structure of the hole that passes the ds-RNA-DNA through the capsid
IS not known, previous in vitro packaging studies have shown ss and ds nucleic acid
traversing the capsids of CCMV and the closely related BMV. We previously observed’
that ss-RNA molecules significantly longer than wild-type are packaged by multiple
CCMV capsids (“multiplets”) that each share a portion of the overlong RNA (Figure 3).
And a separate study’ found that long ds-DNA is packaged by a contiguous string of
many BMV capsids if ss-RNA fragments are also present. In both cases, nucleic acid is
shared by connected capsids, passing through one or more holes in each capsid that
are too small to be seen by negative-stain transmission electron micrograph (TEM). It is
likely that the ds-RNA-DNA appendage of the cherry bomb exits the capsid through a

similar hole.

12kb RNA 12kb RNA ~ 12kb RNA

Figure 3. Single ss-RNA molecules progressively longer than wild-type (3 kb) are

shared by two or more CCMV capsids; multiplets. Scale bar shows 25 nm. Adapted
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from J. Virol. 2012, 86, 3322, doi: 10.1128/ JV1.06566-11. Copyright American Society
for Microbiology.

To test whether the exposed RNA-DNA appendage can be used to bind nucleic
acids in solution, we designed the DNA splint with a 3’ poly-A15 overhang in addition to
the 185 bases that complement the 5’-end of the RNA (see right-most cartoon in Fig.
2A). Once formed, cherry bombs were combined with fluorescent (green) poly-T15 DNA
strands and analyzed by native agarose gel electrophoresis (Fig. 4). The capsids co-
migrated with the fluorescent poly-T15 (Fig. 4, lane 3), confirming that the poly-Ais
sticky end of the RNA-DNA appendage binds its complementary strand in solution.
Control experiments in which already-assembled VLPs containing only 3.2 kb RNA (B1)

were added to the splint DNA and fluorescent poly-T15 showed no nonspecific binding

(Fig. 4, lane 4).
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Figure 4. Native agarose gel electrophoresis shows cherry bombs selectively bind
fluorescently labeled poly-T15 DNA strands (green). Fluorescently labeled RNA shown
in red.

The ability of the cherry bomb to bind a functionalized surface was demonstrated
by direct imaging of a mixture of these capsids with 30-nm gold nanoparticles (AUNPS)
that had been previously decorated with a high density of poly-T,s DNA strands " (Fig.
S2). Negative-stain TEM (Fig. 5) shows a high concentration of capsids at the AUNP
surface, and an exceptionally well-stained image reveals the RNA-DNA appendage

linking the capsids to the gold surface (Fig. 5, arrows). Control experiments between B1

VLPs and functionalized AuNPs showed no non-specific binding (Fig. S3).

Figure 5. Cherry bomb capsids bind the surface of DNA-functionalized 30-nm AuNPs. A
zoomed-in image resolves the RNA-DNA duplex (arrows) linking the capsids (light
spheres) and the AuNPs (dark sphere). Scale bars show 25 nm.

Separately, we tested whether capsids could be assembled around RNAs that

were already tethered to a functionalized surface (Fig. 6A). Here, the hybrid RNA-DNA
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scaffold was prepared and equilibrated with 30-nm poly-T25-coated AUNPs at a molar
ratio of 10:1 (RNA:AUNP). After hybridization of the RNA to the AuNPs, CP was added
at a mass ratio of 10:1 (CP:RNA), equilibrated for 5 min on ice, and imaged by negative-
stain TEM (Fig. 6B). The presence of well-defined capsids at the Au particle surface
demonstrated assembly of cherry bomb capsids around the immobilized RNA-DNA.

Some aggregation of CP in the presence of AUNPs was also observed (Fig. S4).

capsid assembly
on a surface

function- @
alized \
surface

DNA-coated surface

Figure 6. (A) Schematic showing the assembly of VLPs on a DNA-functionalized (green
strands) surface. (B) Cherry bomb capsids (light spheres) were grown on 30-nm AuNPs
(dark spheres) as shown in (A). Scale bar shows 25 nm.

While several elegant methods have recently been described for the mono-
functionalization of tobacco mosaic virus particles,’*"® they most likely cannot be
applied to other viruses; they require either controlled disassembly of one end of the
rod-like capsid or self-assembly of capsids on a substrate bound RNA that contains a
specific packaging sequence. The homogeneous assembly pathway described here

provides a general strategy for monofunctionalizing icosahedral particles. Here we note
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that the ability to form cherry bomb structures is probably not limited to the plant virus
CCMV; multiplet capsids have been observed in the packaging of overlong RNAs by the
CP of the bacterial virus fr’” and of the mammalian virus SV4078, indicating that they too
have the potential to form cherry bombs. In addition to offering a single, highly specific
binding modality for building functional viral-based materials, our method for (i)
physically binding and manipulating one end of the packaged genome and (ii)
nucleating capsid assembly at a surface will enable new single-particle measurements
that might reveal how RNA gets into and out of viral capsids during infection. Examples
of such measurements include time-resolved studies of capsid assembly and force-
pulling experiments’#® that measure the work required to pull viral RNA out of its

capsid.
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Supporting information
Synthesis of Capsid Protein
Capsid protein (CP) was purified from wildtype cowpea chlorotic mottle virus

(CCMV) grown in California cowpea plants (Vigna ungiculata cv Black Eye) as
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described by Annamalai and Rao®. Briefly, virions were disrupted by 24-h dialysis
against disassembly buffer (1M CaCl2, 50 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT, and
0.5 mM PMSF) at 4°C. The RNA was pelleted by ultracentrifugation at 4 x 105 g for 90
min and the CP was extracted from the supernatant in separate fractions. Each fraction
was immediately dialyzed against protein buffer (1M NaCl, 20 mM Tris pH =7.2, 1 mM
EDTA, 1 mM DTT, and 1 mM PMSF). The protein concentration and its purity, with
respect to RNA contamination, were measured by UV-Vis spectrophotometry — only
protein samples with 280/260 ratios greater than 1.5 (less than 5% RNA contamination)
were used for assembly. SDS-PAGE gel electrophoresis and MALDI-TOF showed no

evidence of cleaved protein.

Synthesis of RNA

Fluorescently labeled brome mosaic virus genomic RNA1 (B1) was synthesized
by in vitro transcription of a linearized DNA template by T7 RNA polymerase and
fluorescent rUTP-AF488 (ChromaTide® Alexa Fluor® 488-5-UTP; Molecular Probes,
U.S.A). ArATP:rGTP:rCTP:rUTP:rUTP- AF488 molar ratio of 600:600:600:5.32:1 was
used and resulted in a density of labeling of 0.5 rUTP- AF488s per RNA. After
transcription, the template DNA was digested by DNase | (New England Bio-labs), and
the resulting fragments removed by washing five times with a 20-fold excess of TE
buffer (10mM Tris pH 7.5, 1 mM EDTA) using a 100-kDa MWCO centrifugal filter device

(EMD Milipore) operated at 5,000 g.
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Design and Synthesis of DNA
The DNA splint strand was purchased from Integrated DNA Technologies. The
sequence is shown below:
5’AATCTGCGCAGATAACTGTTGCGCGACCTGATTGTCTACGATGTCTTGGGCACTC
TGGCTGGCAGCACCCTTCTCAGCAATCAACTTCAGCAAATCGATAGAACTTGACATT
TTGTTGGTGAAAAACAAAGAACAAGTAGCAGAACCGTGGTCGACAAGGGATTGAAC
CTCGTTCCGTGGTCTACAAAAAAAAAAAAAAA-3
This sequence consists of the reverse complement of the first 185 bases of the 5’
terminus of B1 RNA followed by poly-Ass.

We did not test whether DNA splints with complementary sequences shorter than
185 bases are capable of templating the assembly of cherry bombs, though we suspect
this is the case. Assuming that the rise of hybridized dsSRNA-DNA is intermediate
between those of dsDNA (0.34 nm per bp) and dsRNA (0.25nm per bp), the physical
length of a 185 bp hybrid strand measures about 55 nm, 2-3 times the inner diameter
(22 nm) of the CCMV capsid. Therefore, we expect that much shorter DNA splints (as
short as, say, 80 bases) should lead to hybrid ds-RNA-DNA portions that are too long to
be packaged. However, these cherry bombs would have “fuses” that extend a shorter
distance from the capsid. Alternatively, multiple short DNA splints designed to bind
adjacent RNA sequences might be used to generate a more flexible fuse, due to the
nicks between each pair of neighboring splints.

Fluorescent Poly-T15 was similarly purchased with 6-FAM conjugated to the 5'-

terminus.
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Hybridization of the RNA-DNA Scaffold

RNA-DNA hybridization was performed by mixing a 1:1 molar ratio of B1 RNA
and splint DNA, each at 1 uM, in hybridization buffer (L0mM Tris pH 7.5, 200 mM NaCl,
1 mM EDTA), heating to 90°C for 1 min, cooling to 55°C for 3 min, and cooling to 4°C
indefinitely.
Co-assembly of CCMV CP and the Hybrid RNA-DNA Scaffold - Assembling the
Cherry Bomb

Assembly was carried out as described in our earlier packaging studies involving
CCMV CP and pure RNA"*°#2_ Briefly, the RNA-DNA scaffold (final concentration 1nM)
was mixed with purified CCMV CP in a ratio (wt/wt) of 4.4:1 in protein buffer and then
dialyzed overnight at 4 °C against assembly buffer (50 mM NacCl, 10 mM KCI, 5 mM
MgCI2, 1 mM DTT, 50 mM Tris-HCI pH 7.2). The samples were then dialyzed against
virus suspension buffer (50 mM sodium acetate, 8 mM magnesium acetate pH 4.75) for
at least 6 h to complete the assembly process. The products were then concentrated
using a 100 kDa MWCO centrifugal filter device (EMD Milipore) operated at 3,000 g.
The yield of cherry bombs — the fraction of RNA-DNA hybrids that are packaged by
protein into capsids, with the sSDNA end accessible outside — was difficult to quantify by
direct visualization by TEM because of the faint signal from the exposed RNA-DNA
fuse. The majority of the assembly products appeared as well-formed capsids, but the
number of capsids with a clearly visible fuse (Fig. S1) was low. However, native agarose
gel electrophoresis showed that equilibrating roughly equal molar concentrations of
cherry bombs and fluorescently labeled poly-dT (Fig. 4) resulted in all of the poly-dT

signal comigrating with the cherry bombs (see lane 3 of Fig. 4) — suggesting that most
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of the RNA-DNA hybrids were packaged and that the resulting cherry bombs had

functional fuses.

Decorating 30-nm gold nanoparticles with short DNA strands

30-nm diameter gold nanoparticles (AuNPs) were functionalized following the
protocol described by Hurst, Lytton-Jean, and Mirkin’. Briefly, 20 nmoles of 5’ dithiol-
terminated Poly-T25 DNA oligos (Integrated DNA Technologies) were incubated with
DTT (0.1M DTT, 0.18M phosphate buffer, pH 8) for 1 h at room temperature. The DTT
was then removed with a Nap-5 column (Sephadex G-25 DNA Grade), and the purified
oligo concentration was determined by UV-visible spectroscopy. 2 nmoles of
deprotected, thiolated Poly-T25 oligos (final concentration of 1 uM) were added to 1 ml
of 30 nm citrate-stabilized gold nanoparticles (Nanopartz Inc., OD=1, 0.05 mg/ml, final
concentration of 300 pM) and the mixture was brought to 0.01M phosphate buffer pH 7,
0.01% SDS. The reaction was mixed and sonicated thor- oughly, then incubated on a
rotator for 2 h in the dark. The conjugation mix was incrementally introduced to higher
salt conditions in the following way: 12.5 pL of 2M NaCl was mixed thoroughly into the
reaction vessel, followed by sonication and a 1 h incubation. This procedure was
repeated a total of 6 times, bringing the final concentration of NaCl to 0.1M. After
salting, the reaction mix was left on a rotator overnight in the dark. To remove unbound
DNA oligos, the solution was centrifuged at 10,000 g for 20 minutes, the supernatant
was removed, and the gold nanoparticle pellet was resuspended in 1 ml 0.01M
phosphate buffer pH 8, 0.1M NacCl, 0.01% SDS. This was repeated 3 times, and the

final pellet resuspended in 0.01M phosphate buffer pH 8, 0.1M NacCl. The products were
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imaged by negative-stain TEM (Fig. S2), which revealed a faint ring of material
surrounding the electron-dense AuNP that most likely corresponds to the DNA coat. The
number of Poly-T25 oligos coating the nanoparticles was not quantified, but oligo-

coating was tested qualitatively using a salt-stability assay.

Figure S1. Positive stain TEM images of cherry bomb assembly products that show the

ds-RNA-DNA “fuse”.
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Figure S2. 30-nm AuNP coated with poly-T25 imaged by negative-stain TEM. Scale bar

shows 25 nm.

Testing for Non-Specific Binding Between CCMV VLPs and poly-T.s -Coated
AuNPs

A control co-assembly reaction involving CCMV CP and pure B1 RNA was
performed in parallel with the cherry bomb assembly reactions. The assembly products
of the control reaction were then mixed with poly-T25-coated AuNPs, equilibrated for 5
min on ice, and imaged by negative-stain TEM (Fig. S3). The same conditions were
used to assess the binding of cherry bomb capsids with the poly-T25- coated AuNPs.

The control micrographs revealed no evidence of non-specific VLP-AuUNP binding.
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Figure S3. 30-nm AuNPs coated with poly-T25 (dark spheres) were incubated with
VLPs containing pure B1 RNA (light spheres) and imaged by negative-stain TEM. There

is no interaction between VLPs and AuNPs. Scale bar shows 25 nm.

Aggregated assembly of CP around surface-bound RNA

Hybridized RNA-DNA was prepared and equilibrated with 30-nm poly-T25-coated
AuNPs at a molar ratio of 10:1 (RNA:AuNP) for 30 min on ice. After hybridization of the
RNA to the AuNPs, CP was added at a mass ratio of 10:1 (CP:RNA), equilibrated for 5
min on ice, and imaged by negative-stain EM (Fig. 5B). We used a higher amount of CP

(compared to the 4.4-fold mass ratio used to completely package unbound RNA"*°) in
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case a fraction of the CP was bound by the excess of poly-T25 DNA oligos coating the
surface of the AuNPs. Indeed, TEM images showing thickened layers of material
coating the AuNP surface suggest that CP does bind the poly- T25-coating (Fig. S4).
Earlier assembly studies’ using pure RNA showed that CP:RNA mass ratios higher than
4.3:1 can result in aggregation. This phenomenon may contribute to the aggregation we

see in the AuNP-bound assemblies (Fig. S4).

#.'

Figure S4. VLP assembly around RNA-DNA bound to the surface of 30-nm AuNPs
coated with poly-T25 showed significant aggregation. The three types of aggregation
seen are (i) an extra layer of material coating each AuNP (thick white halos surrounding
electron- dense AuNP found in all images), (ii) extended capsid structures (upper-left
image), and (iii) amorphous aggregation (upper-right and lower-right images). Scale bar

shows 25 nm.
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Transmission Electron microscopy (TEM)

Negative-stain: 6 puL of sample at a concentration of a few nM was deposited on
glow- discharged copper grids (400-mesh) that previously had been coated with
Parlodion and carbon. After 1 min, the grids were blotted and stained with 6 pL of 2%
uranyl acetate for 1 min followed by blotting and storage in a desiccator overnight.

Positive stain: Inevitably, some regions of a negative-stained TEM grid exhibit
positive staining. In these regions stain penetrates the sample particles, rather than
coating them. We have found that certain structural features are sometimes better
resolved through positive staining — in this case, the RNA- DNA hybrid appendage was

more visible in positive- stained regions (Fig. S1).

Native agarose gel electophoresis

10 pL of sample was mixed with 3 pL of glycerol and loaded into a 1% native
agarose gel in virus electrophoresis buffer (50 mM sodium acetate, 1 mM EDTA, pH
5.5). The samples were electrophoresed at 4°C at 50 V for 1 h and visualized with a FX
Pro Plus Fluorimager/Phosphorimager (Bio-Rad) by ex- citing the UTP-AF488 of the B1
RNA and 6-FAM of the poly-T15, separately, and measuring the emitted fluorescence
intensity. The emission intensity of UTP-AF488 (RNA) is shown in red, and that of 6-

FAM (poly-T) is shown in green.
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Chapter 5

Magnetic Tweezer Experiments of Capsid Disassembly

These studies are intended to discern, at a single-molecule level, details of the
process of RNA being pulled out of a capsid by force. We expect that our force
measurements may reveal how an RNA could be pulled out from inside an intact virus
particle. Co-translational disassembly, a process by which a virus disassembled by its
host’s ribosomes, is a mechanism believed to be caused by the RNA being translocated
by the host’s ribosome as it translated the viral RNA. Studies done to measure this
phenomenon have used cell free extracts and demonstrated evidence that the virus is
not always disassembled immediately but requires a certain amount of RNA to be pulled
out from the capsid before a collapse of the capsid is inferred. This disassembly
process has been suggested to occur in systems such as tobacco mosaic virus,
cowpea chlorotic mottle virus and human infecting viruses like Semliki Forest virus®. A

single-molecule force microscopy technique could reveal if the forces required to
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remove RNA from the capsid are similar to the forces the ribosome can pull®. While
studies like this have been done on TMV using AFM,”®# we intend to use an
icosahedral virus to better understand the dynamics of pulling RNA out of a spherical
virus. In addition, the assays using AFM had issues with the force being non-biological
(i.e. almost an order of magnitude beyond the ribosome pulling force). Overall, these
single-molecule force-pulling assays may reveal physical aspects to the balance
between a virus’ particle stability and its dynamic fluctuating nature which both play an
integral role in the virus life cycle.

We have developed two different constructs to study these phenomenon: one, a
control, to understand pulling on large RNA alone, and the main experiment, which is to
pull RNA out of an a virus-like particle with the 5’ end of the RNA isolated outside of the
capsid to provide an effective handle for magnetic tweezer single-molecule pulling.® In
these experiments, using this RNA only unfolding experiment, we expect to see the
difference between RNA being pulled apart from its respective ends, and the capsid
being pulled apart with one end of its RNA tethered to a bead and its other end

covalently attached to a surface.

Magnetic Tweezer Principles

A magnetic tweezer apparatus, diagrammed and photographed below in figure 2,
fundamentally relies on an inverted microscope setup, with a bright LED, functionalized
superparamagnetic beads ~0.5-5 micrometers in diameter which interact with the

sample of interest to be pulled on, an immobilized sample (in our case the cherry bomb
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VLP or naked RNA, both functionalized with a biotin at the 5’ end of the RNA) attached
to a coverslip, and an actuated dual-magnet head which can be brought close or
removed from the coverslip. The coverslip, which is in contact with the objective lens, is
part of a flow cell, which allows for precise introduction of buffer solutions, samples and
the magnetic beads by a syringe pump system. Super-paramagnetic beads which can
have antibodies or other functional groups, can attach to the sample of interest, and
can be manipulated by bringing the dual-magnet head closer, to increase the force felt
on the magnetic beads, or moved away from the beads, to decrease the force. Magnetic
beads are tracked using a CCD camera and recording software. Beads appear as large
spheres, and to have accurate information about their precise position in Z-height
(relative to the coverslip surface), the microscope’s focus is defocused to which result in
observing a diffraction pattern (Airy disk and rings) of each magnetic bead. This Airy
pattern, provides more information of the beads precise Z-height, and can also be used
to calibrate the height of the magnetic beads relative to a bead that is fixed to the
surface. As the magnet head can be manipulated by software, setting up an automated
force pulling profile can be done on a region of interest within the flow cell. Key to the
operation of these experiments is that the magnet can move at a millimeter length
displacement, changing forces felt by the magnetic beads from a range of 0-200
piconewtons. In response to a quick change in force, the limiting factor of the
displacement of the super-paramagnetic beads is largely due to the viscosity of the
aqueous solution. Software allows for individual beads to be tracked with a precision of
a few nanometers in lateral dimensions, x and y, and vertical direction normal to the

surface of the flow cell, z. Figure 1 below displays multiple beads being tracked (with
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the green reticules that indicate the software real time tracking of a bead along with an
associated height of the bead from the surface of the coverslip in micrometers) overlain
on the field of view. Note the Airy disks and rings present in the image below which have
different thicknesses and distances from the center of the bead depending on the Z-

height.

Figure 1. Magnetic beads in the field of view, are attached to the surface of the glass

coverslip either through specific interactions with the capsid, or potentially non-specific
interactions with the surface. In theory, multiple magnetic beads attached to a
biomolecular sample could be probed at the same time, but often non-specific

interactions can dominate a field of view.
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Pulling of naked RNA.

First, we generated a functionalized single-stranded BMV RNA 1 (3200 nt long)
with a biotin modification on the 5’ end. Magnetic tweezers, a nano-manipulation
technique, allows for nucleic acids and proteins to be pulled on by piconewton forces
with simultaneous measurement of the displacements associated with these forces. In
this experiment, an iron-oxide super-paramagnetic bead, 3 um in diameter, covalently
functionalized with streptavidin can interact with the biotinylated RNA by its 5’ end. The
3’ end of the RNA is hybridized to a DNA linker, which can be further hybridized to an
alkyne functionalized DNA oligo that is attached to an azide-coated glass coverslip,
allowing for single-molecule pulling of the magnetic beads attached to the RNA that

have been incubated with the presence of the DNA oligo on the surface.

Experimental apparatus preparation

We prepared glass coverslips for pulling experiments following protocols
provided by Dr. Duyoung Min at UCLA and Professors Vincent Croquette and Professor
David Bensimon at the Ecole Normale Superieure in Paris, France. We worked on
optimizing glass slide cleaning and surface passivation/functionalization to maximize the
chance of observing a pulling event. This was mostly an effort to make sure the glass
coverslips were close to being atomically flat, and that the bound surface molecules
would be efficiently chemisorbed onto the surface, such as epoxy-streptavidin
functionalized coverslips or silane-PEG-DNA-tether functionalized coverslips.

For experiments done in Paris, pre-purchased epoxy coverslips PolyAn, 2d

epoxy coverslips (size #1.5) were used to react with 0.1 mg/mL streptavidin in 20 mM
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sodium bicarbonate buffer, pH 7.5 for 30 minutes, then washed extensively in water.
Then a flow cell was constructed using precut double sided tape on top of the reacted
glass coverslip and sealed with a mylar sheet with two precut holes for the inlet and
outlet valves. With small square cut pieces of double sided tape with a hole through the
center a inlet reservoir was attached along with a outlet piece which was attached to a
long piece of plastic tubing and fitted to a 3 or 5 mL syringe.

For experiments done at UCLA, glass coverslips, Corning #1.5 24x60 mm, were
cleaned with saturated potassium hydroxide in 100% ethanol in glass staining jars,
which could fit ~15 slides.?” Sonication with a bath sonicator was done after the
cleaning, and washes with 100% ethanol, acetone and finally double deionzed water
(ddH20) was done. These slides were then put into a flow cell construction as described
above for the epoxy coated slides, then a 100% DMSO solution containing a 1% silane-
PEG(2000dalton)-NHS molecules (w/v) solution was incubated in the flow cell for 1 hour
at room temperature. DMSO was removed by pulling vacuum on the flow cell by a
syringe. The flow cell was then washed with ddH,O then by a non-amine containing
buffer (20 mM Sodium bicarbonate pH 7.2).

Covalently functionalized silane-PEG-NHS (~2500 daltons) coverslips were
immediately covalently linked to an amine functionalized end of a 1 kb DNA tether
through a N-hydroxy-succinimidyl ester (NHS-ester)-amine reaction. A majority of the
PEG-NHS molecules on the glass coverslip did not react since a limitation of DNA in the
solution (only 1 picomolar in the flow chamber) such that these DNA molecules were
spatially separated from each other by a couple of micrometers apart on average, such

that a single magnetic bead, approximately 3 micrometers in diameter, is unlikely to bind
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more than one cherry bomb capsid per spot on the functionalized glass surface. The
flow cell was again washed in 20 mM sodium bicarbonate buffer. The flow cell is then
incubated with a 10 picomolar solution of streptavidin for 30 minutes.

Separately, cherry bomb VLPs were prepared as described elsewhere’. Briefly,
in vitro transcribed B1 RNA with a biotin-ApG dinucleotide initiator was transcribed.*
Biotin B1 RNA produced had a single biotin at the 5’ end of the RNA. At 300 nM a 183
nucleotide DNA oligo complementary to the 5’ end of the RNA was hybridized to 30 nM
biotinylated B1 RNA in RAB* buffer (with 100 mM extra NaCl) incubated at 70°C for 5
minutes then decreased by 0.1 degree celsius per second to 4°C. This was mixed with
purified BMV capsid protein, obtained from a disassembly of BMV WT virus grown in
barley, in a 4.8 to 1 capsid protein to RNA mass ratio in RAB (at a final reaction
concentration of 0.144 mg/mL capsid protein and 0.03 mg/mL biotin B1 RNA). After 30
minute incubation at room temperature, one part per 100 of 1.08M acetic acid was
added to the reaction mixture (i.e. the remaining 99 parts). This formed biotinylated
cherry bomb capsids which under electron microscopy were similar to the images
shown in %',

Finally a 10 picomolar biotinylated cherry bomb capsids with biotin at the end of
the RNA in RNA assembly buffer* (50 mM Tris-HCI pH 7.2; 5 mM MgCl;; 10 mM KCI; 50
mM NacCl, star indicates NO MgCl,) are incubated allow for a strong-linkage to be made
with the biotinylated cherry bomb constructs and the streptavidin functionalized 1 kbp

DNA tethers.
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The streptavidin in both cases interacts with the cherry bomb’s biotin moiety at
the end of the RNA-DNA handle, and then allows for a magnetic bead to interact either
via conjugated antibodies that are specific for the capsid protein of BMV or covalently
binding the magnetic beads to the capsid using EDC/sulfo-NHS chemistry, rolling the
beads in over the sparsely coated cherry bomb glass slide such that they would react
with the lysines present on the surface of the cherry bomb capsids in the flow cell
forming a covalent tether.

Preliminary experiment were carried out that show promising results. Shown in
Figure 3 and 4 but these experiments would likely benefit from using the DNA handle
directly attached to the cherry bomb stem, removing the streptavidin linkage
requirement and removing ambiguity on how the tether is lost. For our follow up
experiments, we will make a glass coverslip with a PEGylated surface attached to a 1
kb DNA handle which has a poly T(30mer) sticky end accessible to hybridize to a PolyA
(30 mer) of the cherry bomb capsid stem DNA. A 30-nucleotide hybridizing overlap
should be plenty to insure an effective covalent attachment without a high-temperature
requirement to melt single strands before hybridization, which can be more difficult to do

inside a flow cell.

First Experiments (ENS, Paris)

The streptavidin functionalized flow cell was placed onto the objective of the

magnetic tweezers system using an oil immersion lens at 100x magnification.
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Figure 2. a-c. a) Cartoon depicting magnetic tweezers apparatus. Flow cell containing
cherry bomb VLPs with magnetic beads attached to a glass coverslip by streptavidin. b)
When the dual magnet head is brought closer to the flow cell, an increase in force is felt
by the super-paramagnetic beads (2.8 micrometer anti-capsid-protein antibody
functionalized carboxylate Dynabeads, M280, Thermofisher) which may result in RNA
being pulled out of the capsid and an extension in the magnetic bead height relative the
surface of the coverslip can be measured. c¢) A photograph of the magnetic tweezer
instrument’s stage and dual magnetic head. The flow cell for the experiment is on top of
the stage/objective of the microscope with a reservoir inlet on the right and the outlet
valve on the left is attached to a syringe pump, not shown. The instrument has a
digitally-controlled actuator, which allows for precise movement of the dual magnet
head, a red Super LED shown from above, and a 100x 1.4 NA objective connected to a

CCD camera which allows the illuminated beads to be observed and bead movements
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over time can be recorded potentially in parallel. The two magnets at the end of the
copper looking cylinder at the top of the image are placed directly above the region of
interest in the flow cell containing the sample/beads for measurement. The force is felt
most strongly on the line that is normal to the flow cell surface and splits the two
magnets. Images of the beads are taken by the CCD camera at a frame rate which can
be set from 30-100 Hz.

Magnetic beads with a carboxylic acid functionalized surface were covalently
attached to anti-capsid protein monoclonal antibodies (a gift from Professor Mark
Young, Montana State University), using EDC and Sulfo-NHS chemistry to attach
surface-exposed amines of the antibody.

For the pulling experiments, the cherry-bomb capsids were introduced by
pipetting the solution into a reservoir on the flow cell and by pulling vacuum from the
other side of the flow chamber with a syringe pump at a rate of 10 yL/min for 5 minutes
and then the sample in the flow cell chamber was then incubated for 1 hour at room
temperature at a 0.6 nM final concentration of the cherry bomb construct in a low
divalent cation RAB (0.5 mM magnesium chloride instead of 5mM) in 0.1% bovine
serum albumin and 0.05% sodium azide. The volume of the flow cell chamber is
approximately 40-50 uL. After a wash of 150 uL of RAB* buffer (does not contain
magnesium chloride), 1 uL of magnetic beads (washed and diluted four fold in RAB*
from stock concentration) was directly injected into the flow chamber (bypassing the
reservoir). Magnesium was not used once magnetic beads were to be introduced to
prevent magnetic bead clumping which occurs in magnesium ion containing buffers

(especially if [Mg?'] is greater than about 0.5 mM). Beads were concentrated under
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magnetic force over a region of the flow cell such that by releasing the magnetic force,
beads could be incubated over cherry bomb containing regions of the flow cell. After a
10 minute incubation, magnetic beads were washed away using a syringe pump and
the remaining beads in the field of view were the subject of the experimental force

pulling.

Figure 3. Biotinylated B1 RNA Cherry Bomb construct attached to a surface of a
streptavidin-functionalized coverslip with an antibody-coated 2.8 micrometer Dynabead
(top, which are brownish red with yellow antibodies). Cherry bomb is denoted with grey
spheres marking the capsid, pink is the RNA and blue is the DNA handle. Streptavidin is
the yellow diamond shaped object attached to a glass coverslip in green.

Usually, force was applied either by increasing of a force ramp, such that for 2-4

seconds the magnet was lowered 50 micrometers at a time, or starting a fixed estimated
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force that could be set between 10-50 piconewtons of force involving slow ramps
upwards to a high force and if seeing something interesting in the bead dynamics, then
quickly dropping the force to below 5 piconewtons (low force condition) to confirm if we
are observing a capsid-bound magnetic bead. The latter procedure was useful to figure
out how much force would be necessary to observe a change in the capsid dynamics.
Often we would leave the sample under constant force for the period of 2-3 minutes,
then the force was dropped to below 5 piconewtons for 30 seconds to a minute. Then a
new slow ramp up to the higher force (the ramp would take 5-15 seconds depending on
how high the force was brought up to by moving the magnet at a slow 0.01-0.05 mm per
second).

In the trace below, shown in figure 4, is the red curve which is the estimated
applied force to the magnetic beads in piconewtons (right y axis), the yellow curve
represents the relative bead height displacement in micrometers (left y axis) and the x
axis is time in seconds. The yellow line represent the position of the bead at any frame
(the frame rate is set to 30 Hz) and specifically reports on z-height of the bead with
reference to the flow cell glass coverslip surface. For reference, the cherry bomb
construct attached to a flow cell and a magnetic bead is inset as a cartoon in the bottom
left of the trace. The red trace represents the force, and the constant force (horizontal)
lines are made thicker in red for easier visualization and interpretation. Variance in the
force should be very minimal, thermal effects do not contribute much to relative magnet

position when the force is set to a fixed level.
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Figure 4. This magnetic tweezer trace of the cherry bomb capsid VLP has an extension

difference of nearly 1.7 micrometers. A brief analysis of the force extension curve
suggests that single-stranded RNA may be being pulled as the forces and extension
response have characteristics of the unzipping of double stranded regions of nucleic
acid (data not shown). Indeed, an extended RNA base, under sufficient force, is close to
0.6 nanometers, then a length of 1.7 micrometers is potentially possible for B1 RNA
(~3200 nucleotides long). Interestingly, if you release the force from 20 piconewtons you
see some interesting events around 1950, 2250 and 2400 seconds. We are wondering
if part of the curve could be resulting in a refolding of RNA after the release of force by
withdrawing the magnet, but it is unlikely that the capsid is still intact after the ~1375
second abrupt transition (where the yellow trace makes a vertical step). Inset in the

bottom left hand corner is a cartoon schematic of the virus like particle attached to a
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magnetic bead, at approximately the scale representative of the trace height of ~150 nm
near the beginning of the experiment.

Our data suggest that RNA is being pulled since we are observing abrupt
extension transitions when the force is kept constant, at ~1375, 1800 and 1875
seconds. We observe an end to the yellow extension curve because the bead had
been pulled off of the tether, potentially through the streptavidin-biotin interaction but it is
possible that this loss of the magnetic bead could also have occurred by pulling off a

capsid protein from the capsid.

Second set of experiments (UCLA): covalent linkage of magnetic beads to
capsids.

In an attempt to decrease the number of non-covalent interactions in the cherry
bomb pulling system, a new approach was attempted using a DNA tether that keeps the
capsid away from the surface of the glass coverslip.

To attach the magnetic beads to the capsid, we decided to make an activated
carboxylate coated magnetic dynabead (2.8 micrometers in diameter) that had a
EDC/sulfo-NHS activated functionalization. This resulted in a dynabead with a NHS
group available for interacting with the capsid directly via reacting with the primary
amines of the lysine groups present on the capsid shell. Since the flow cell already has
the DNA tethers attached reagents were sequentially introduced into the flow cell. First,
streptavidin was incubated followed by a wash of RAB* buffer, then biotinylated B1
cherry bomb VLPs were incubated within the Streptavidin-DNA-PEG glass coverslip

functionalized flow cell. Finally, a buffer change into a 20 mM sodium bicarbonate buffer
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was done (pH 7.5) to introduce the sulfo-NHS dynabeads into the flow chamber where
they could react with the lysines present on the immobilized cherry bomb capsid. The

flow rate was done at approximately 10 uL/min for all experiments.

Surface preparation

Much of the challenge using magnetic tweezers involves surface
functionalization, cleanliness, and characterization. Using a modified strategy outlined in
Schlingman et al®®, #1.5 glass coverslips were cleaned using a concentrated KOH and
ethanol solution in a coverslip glass jar overnight. Once the slides had been cleaned,
glass coverslips in the glass jar were drained from the ethanol KOH solutionwere
washed by treatment with 100% acetone and sonicated for 10 min in a bath sonicator.
Subsequent washes were done with ethanol then coverslips were allowed to dry using
argon gas. A 1% (w/v) silane-PEG(3kda)-NHS (Nanocs) in 100% DMSO was made to
minimize hydrolysis of the NHS esters. Approximately 30 uL of solution was pipetted
onto the cleaned, dry glass coverslips, with a second coverslip carefully aligned above
the first to sandwich the solution and cover the entire surface of both coverslips. This is
allowed to incubate for one hour at room temperature and then the coverslips are rinsed
with ddH-O and rinsed with 20 mM sodium bicarbonate buffer pH 7.2.

To assemble a flow cell, precut double-sided tape was laid down on top of the
dried NHS-PEG coated coverslip to then allow for precut mylar sheets to be laid down
on top with two holes to allow for an inlet and outlet at either end of the flow cell and
effectively forming a sealed system (except for the inlet outlet ports). Once the

coverslips, and mylar sheet had been sealed together by removing air bubbles present
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in the double sided tape by gentle horizontal motion with downward pressure using the
dull side of a razor blade, the outlet port and inlet reservoir was attached using ~ 1 cm
square piece of double-sided tape that has a precut 2 mm hole in the center. Making
sure these two attachments are attached efficiently also requires a bit of pressing to
remove any extra air. Below is a picture of the completed flow cell with the inlet reservoir
on the right and outlet port connected to a long piece of tubing that terminates in a 1 or
3 mL syringe such that the reservoir containing samples or buffer can be introduced at a
slow reproducible rate using a syringe pump. At the top of the image the two small
magnets attached to the cylinder above is the key part part of the magnetic tweezer
apparatus as these magnets can be raised or lowered to decrease or increase the
effective force that the magnetic microspheres can feel inside the flow chamber. DNA

was attached to the NHS functionalized cell as mentioned above.

Operation of magnetic tweezers and sample introduction.

Once the flow cell had been assembled, capsids and DNA handles were
introduced. This introduction needs to be done relatively quickly after finishing the NHS-
PEGylated coverslips, unless the coverslips are immediately frozen after formation.
Magnetic tweezer setup was a custom build by Dr. Duyoung Min, based on similar
instrument setups from design of Vincent Croquette and David Bensimon at the Ecole
Normale Superieure. A light microscope with a moveable x-y stage and a retractable
dual magnet head which can be moved vertically by an actuator (stepper motor) to
impart different magnetic forces onto the flow cell containing the super-paramagnetic

beads. Custom labview software was used to control movement of stage and dual

75



magnet head height, and record bead positions in x, y and z dimensions. Data was

saved in CSV format and plotted using matplotlib and python®.

Results of second set of experiments (UCLA, with Bowie Lab)

Below is a representative trace of the experiment done at UCLA using the 1 kb
DNA tether to extend the capsid away from the glass surface and potentially abrogate
Issues with magnetic beads non-specifically interacting with the glass coverslip

functionalized surface.

BMV Cherry Bomb Extension Using DNA Tether and Magnetic Bead
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Figure 5. The curve above displays the trace of the extension in nanometers of the

RNA being pulled out of the cherry bomb capsid construct (denoted in blue), versus the
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time on the x axis, and overlaid are the traces of the estimated magnetic force (in red)
produced by varying the magnet height (in green) closer to or away from the surface of
the flow cell where the magnetic beads are bound to the capsid covalently.

BMV Cherry Bomb Extension Using DNA Tether and Magnetic Bead
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Figure 6. a and b. These two figures are a division of the single-molecule magnetic
tweezer trace of figure 5 above into its a) early and b) late time points, namely to focus
on low and high estimated magnetic forces being applied to the magnetic bead,
respectively.

From figure 6a we are interpreting that we are mostly observing the straightening
of the DNA tether from the beginning of the trace at 0 seconds until 110 seconds where
the force applied is 12 pN or less. The DNA tether should be ~ 300 nm long, plus
another ~150 nm of the cherry bomb complex and ~20-30 nm for the 3kda PEG
functionalization of the glass coverslip. We are approaching ~500 nm of extension
which is close to the 570 nm of initial extension observed in the trace at a fixed force of
12 pN. In figure 6b, we see some rather large jumps as observed in figure 4.
Interestingly some of these jumps are from 10-40 nm, up to a 130 nm jump at the 620
second time point. Could this final jump be a disassembly event? Further experiments

are underway to unravel this question.

Discussion

From figure 6b) we can observe that in the high force regime (>30 pN) that
extensions of the RNA can occur while the force is fixed, these extensions are on the
order of 10-150 nm. While it remains early in our process of running these experiments,
we interpret these displacements as RNA being ratcheted out of the capsid, and we are
looking forward to using other strategies that complement these measurements to verify

this. One idea is to introduce RNases that can result in the RNA being degraded and
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therefore under low enough forces, we expect the tethers to break as RNA has already
been pulled out of the capsid. Another possibility is to cross-link the capsid together with
a change to look only at RNA being pulled out without capsid disassembly at all.
Together these experiments will reveal the subtle nature of this viral capsid, and
potentially new insights into physical and biological constraints of the dynamics of the

capsid.
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Chapter 6

ssRNA Undergoes Single-Molecule Compaction in the Presence of Polyvalent
Cations
Liya Oster, Richard W. Sportsman, Ana Luisa Duran-Meza, Charles M. Knobler and

William M. Gelbart

Abstract

In the presence of polyvalent cations, the phosphate backbone of double-
stranded DNA (dsDNA) undergoes a single-molecule, first-order phase transition called
condensation, best visualized by the presence of DNA toroid for sufficiently long dsDNA
molecules (>40kbp). In dsDNA condensation, when 90% of the phosphate backbone is
neutralized by positive charges, the dsDNA compacts into tightly wound toroids. In this
study we examine the effects of increasing concentrations of spermine, a cation with a

4+ charge in solution, on the effective size of long ssSRNAs (>3knt). Our results suggest
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a fundamental difference in the physical phenomenon of single-stranded nucleic acids
and double stranded DNA interacting with polyvalent cations. Analytical ultracentrifuge
data was gathered to more accurately determine sedimentation coefficients of
spermine-RNA complexes. Results indicate that sSRNAs do not undergo a
condensation event analogous to the condensation of DNA. Instead, long SSRNAs

undergo a continuous compaction as the spermine to sSRNA charge ratio increases.

Introduction

The condensation of double-stranded (ds) DNA by polyvalent ions was first
demonstrated by Gosule and Schellman® who wondered if the packaging of the 39.9 kb
DNA of the T7 phage into the preformed capsid was aided by condensation induced by
the trivalent polyamine spermidine, which is present in cells. In in vitro experiments
they found that the DNA underwent an abrupt, apparently cooperative decrease in size
with increasing spermidine concentration; a similar phenomenon was observed with the
tetravalent polyamine spermine, but at a lower concentration. Later studies
demonstrated that the collapse is a first-order transition in which polyvalent ions with
charges of 3+ or greater induce attractive interactions between the like-charged worm-
like random coils resulting in precipitates of the DNA, which in sufficiently long polymers
have toroidal or rod-like structures (see the review by Bloomfield®). This condensation
phenomenon is distinct from the continuous increase in density of individual polymers
resulting from the adsorption of counterions, which reduces intrachain repulsions, but

does not result in interchain attraction; we term this compaction.
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The effect of polyvalent ions on dsRNA is less clear. With the exception of an
equimolar mixture of homopolymer polyA+polyU, 25 bp dsRNAs were not found to be
condensed by polyvalent ions under conditions where comparable length dsDNAs
aggregated and precipitated®. Similarly, thermodynamic and optical measurements
showed that three 280bp homopolymer mixtures, polyl+polyC, polyC+polyG and
polyA+polyU were compacted by polyamines®. Much less is known about the effect of
polyvalent ions on sSRNA. It has been shown by measurements of the sedimentation
rate that Turnip Yellow Mosaic Virus (TYMV) RNA is compacted by spermine® and that
the packaging of this 6300 nt-long RNA into 28-nm diameter capsids is enabled by its
interaction with spermidine®. It is not known, however, if this is the result of
condensation. In this study, we compare the effects of increasing concentrations of
spermine on a long ssSRNA and dsDNA by two methods, spectroscopic measurements
of concentration after centrifugation and measurements of sedimentation
measurements in the ultracentrifuge. We determine that unlike the dsDNA, the ssSRNA

does not condense, undergoing instead a continuous increase in density.

Materials and Methods

Long (5,300 nt) ssRNA was obtained from the pRDCT7B1B3 plasmid described
by Cadena-Nava et al.” which was linearized with EcoRI and in vitro transcribed using
the ThermoFisher MEGAscript™ Kit. To ensure all the transcripts were of the same
length, the RNA was loaded onto the central wells of a 1% agarose gel, flanked on

either side by aliquots that were stained with ethidium bromide. Using the labeled RNA
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bands as a ruler, we excised the unstained RNA from the gel, and extracted the RNA
from the gel by gel electroelution into a dialysis bag. The extracted RNA was then
washed 5x in TE buffer (10 mM Tris-HCI, pH7.5; 1 mM EDTA) using a 100kDa Amicon®
Ultra-0.5 Centrifugal Filters spun at 7000 rcf at 4°C for 10 minutes, with each spin
greater than a 10-fold change in volume, resulting in a buffer/solute exchange of

~100,000 fold.

Centrifugation experiments similar to those detailed in Raspaud, 1998 were
performed on RNA and DNA with a variety of spermine:nucleic acid charge ratios, but
with a key difference of using a lower concentration of RNA and DNA and fluorescence
as a readout. These conditions were used to prefer only single molecule compaction
and not a multi-nucleic acid aggregate. In these experiments, nucleic acid was
incubated in TE buffer, which was degassed by bath sonication and argon sparging with
increasing concentrations of spermine hydrochloride (Sigma-Aldrich) for 1 hour at 4°C;
this was done to avoid the oxidation of spermine. The RNA concentration was 2.5
png/mL, and the total volume of each solution was 200 pL. Each RNA sample was then
centrifuged for 7 minutes at 4°C and 11,000 rcf. For the DNA samples, the total volume
was 250 pL with a concentration of 4 ug/mL, and was centrifuged at 18,000 rcf for 15
minutes. The top 50 pL of supernatant was then extracted and put on a black opaque
96-well plate and diluted 2x with TE buffer. SYBR Gold nucleic acid intercalating dye
was added to visualize the presence or absence of RNA in solution. The fluorescence of
samples before and after centrifugation was determined using a Tecan Infinite M1000
Pro plate reader, and each supernatant (top 50 pL of post-centrifugation sample)

fluorescence reading was normalized to its pre-centrifugation sample. For both
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samples, the samples fluorescence intensity measurements were normalized against
the nucleic acid before centrifugation. This ratio of post- to pre-centrifugation is then
multiplied by 100% to display the change in the concentration of the nucleic acid as a

percentage of starting concentration.

Change in sedimentation coefficient (S) of RNA with spermine was measured
using an analytical ultracentrifuge (AUC). The concentration of the RNA in these
experiments was 8 pg/mL RNA, with a total of 400 pL of solution to maximize signal
without being too concentrated to minimize the chance of RNA and spermine forming
multi-RNA aggregates. 5317-nucleotide long B1B3 RNA was used in AUC experiments
from Cadena-Nava et. al’.The buffer was 10 mM Tris-HCI, pH 7.5. The centrifugation
speed and time was adjusted each run to account for the change in sedimentation
velocity of each RNA and spermine sample. AUC data was also gathered for dsSDNA
(10mM Tris, 8.3pg/mL) under increasing spermine concentrations to compare the profile
of DNA condensation under increasing spermine conditions to the profile of RNA

compaction under the same spermine and solution concentrations.

To further understand the results from analytical ultracentrifugation, we also
measured the hydrodynamic radius of B1B3 RNA using dynamic light scattering

(Zetasizer Nano ZS).

Results

Data for the supernatant experiments adapted from Raspaud®® for DNA and RNA

are shown in figure 1a and 1b, respectively.
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Figure 1. a and b. a) Condensation of DNA as measured by centrifugation of DNA
following incubation with spermine for 1 hour at 4C in TE buffer, pH 7.5. From the 250
uL samples, DNA was centrifuged at 18,000 rcf for 15 minutes, and the top 50 uL of
supernatant was pipetted for analysis in a 96 well black plate. b) RNA compaction by
the presence of spermine for 1 hour at 4C in TE buffer, pH 7.5. 250 uL of sample was
then centrifuged at 11,000 RCF for 7 minutes at 4C; a lower centrifugal force and lesser

time was elected because the spermine to RNA charge ratio range was much higher
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than the spermine to DNA ratios and therefore, precaution was taken to minimize

aggregation in solution. Using a TECAN Infinite M1000 fluorescent plate reader.

Analytical ultracentrifugation data of BIB3 RNA and DNA with increasing
concentrations of polyvalent cations are displayed in figures 2 and 3a and 3b,
respectively. As the concentration of spermine increases to stoichiometric charge
balance of the negatively charged phosphate backbone of the RNA, the sedimentation
coefficient of the RNA increases continuously. In contrast, the sedimentation coefficient
of dsDNA upon increasing spermine concentration results in a discontinuous change
between the charge ratios of 0.75:1 and 1: 1 spermine to RNA charge ratio, in

agreement with previous literature.

Analytical Ultracentrifugation Measurement
of the Compaction of B1B3 RNA by Spermine
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Figure 2. The plot above shows the increase in Svedbergs of the B1B3 RNA (~5300 nt

long) as a function of spermine to RNA charge ratio. Using a polynomial fit illustrates
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that there appears to be a maximum that the observed S rate approaches once a

certain spermine to RNA ratio is reached.
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Figure 3. a and b. AUC measurements of spermine compaction of DNA. As DNA is
compacted by the presence of the polyvalent cation, its sedimentation rate changes,

shifted to a higher number (DNA without spermine is labeled in yellow). Because of the
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limitation of DNA forming toroids and multi-DNA aggregates at higher spermine to DNA
charge ratios, 0.25:1 and 0.5:1 DNA to spermine charge ratios are the only samples
which have meaningful data as higher ratios of spermine to DNA result in precipitation
of the DNA in the centrifuge within minutes of beginning the AUC experiment (the AUC
measurement can take up to a couple of hours). Variability due to run to run differences
in sample preparation could be the reason these two graphs show different initial s
values, therefore a comparison only from the same sample, namely its control lambda
DNA and the experimental condition should be compared. This change in gs due to

spermine can be compared from one sample to another.

The continuous profile of the RNA compaction by spermine was confirmed by
dynamic light scattering measurements, these results are shown below. These data
suggest a trend of the RNA becoming more compact up to about a 2:1 ratio, larger
ratios were not attempted at the time of the measurements. Distributions in the
measurement precision is not as tight as to be expected, but experiments are being

repeated.
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Figure 4. B1B3 RNA (~5300nt) was compacted with spermine in TE buffer at 4 Celsius
at various spermine to RNA charge ratios. Using a 40 uL sample in a cuvette, the
dynamic light scattering measurement was made using the Malvern Zetasizer Nano ZS
DLS instrument. Multiple measurements were taken, samples with a polydispersity

index of 0.15 or lower were plotted.

In vitro encapsidation of spermine-pre-condensed B1B3 RNA into a BMV capsid

Data for spermine pre-RNA compaction for subsequent in vitro self-assembly are
shown below. These experiments required packaging RNA with BMV WT Capsid protein
using a quick two step assembly method. 5300 nt B1B3 RNA at 0.03 m/mL was
incubated with 0.144 mg/mL BMV capsid protein in RNA Assembly buffer (RAB: 50 mM
Tris-HCI, 50 mM NaCl, 5 mM MgCl, 10 mM KCI) for one hour at room temperature. To
each 100 uL of solution, 1 uL of 1.08 M acetic acid was mixed rapidly, without
introducing bubbles, to change the pH to approximately 4.75. Samples were analyzed

by a native agarose gel and negative stain EM resulting in particles similar to WT
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capsids. In the spermine to RNA charge ratio of 2:1, spermine was introduced into the
RAB buffer mixing with RNA first, then adding capsid protein 30 minutes later for the
one hour incubation as noted earlier in this paragraph. The pH change was done as
before and results of the two different assemblies were compared. EM images from
both assays were analyzed by counting the number of multiplet capsids, nhamely how
many capsid appear to be single capsid, doublet capsid, triplet and quadruplet. This
assay may not be able to discern chance capsids ordering on the grid next to each
other versus true multi-capsid aggregates.

Results from this self-assembly assay suggest that spermine can play a role in
compacting RNA inside a capsid, to a certain degree, but further higher concentrations
of spermine should be tried to see if a shift in a distribution of multiplets to singlets can
be increased. Indeed, we are trying concentrations of spermine ~50 micromolar, but

higher amounts do occur inside cells up to 1 mM.%
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Figure 5. B1B3 RNA at 30 nM concentration is pre-compacted with or without 24

micromolar spermine in RNA assembly buffer pH 7.2 for 60 minutes at room
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temperature. Sample was then incubated with 4.8 mass equivalents of BMV capsid
protein for 30 minutes at room temperature then 1.1 M acetic acid was added to a final
self-assembly reaction concentration of 0.01 M. Samples are then diluted 20 fold in VSB
buffer and deposited onto a 400 mesh carbon- and parlodion coated copper grid and
stained with 2% uranyl acetate for TEM imaging. Figure show results from particle
picking (For 2:1 spermine to RNA charge ratio VLP assemblies, number of capsid
species counted was = 508, for no spermine assemblies 579 singlet and multiplet
species were counted). Plotted is the amount of singlet, doublet, triplet and quadruplet
particles that appear in the resultant TEM images. Y-axis is normalized to account for
difference between total number of particles picked between control and spermine
experimental conditions (so what appears is a normalization of 579/508 multiplied to

each number counted in the 2:1 spermine sample).

Discussion

In solutions of high polyvalent cation concentration, dsDNA undergoes a first-
order phase-transition-like event that causes the DNA to spontaneously compact into
tightly-wound toroids. In this study, we have begun to examine the effects of polyvalent
cations on long ssRNAs and compare the profile of sSRNAs vs dsDNAs in the presence
of spermine concentrations. Unlike dsDNA, ssRNA does not undergo a DNA
condensation-like transition, and instead compacts continuously in the presence of
spermine. The compaction of sSRNA under increasing spermine conditions can be seen
from the continuous curves measured from analytical ultracentrifugation and dynamic

light scattering.
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ssRNA has a very different secondary and tertiary structure than dsDNA because
of ssRNA's ability to fold and base pair with itself while retaining some single-stranded
character with “stem loops” terminating double-stranded “stem” regions and “bulges”
acting as junctions/branch points of the RNA secondary structure. dsDNA has a
persistence length of ~150 bp, and when significantly long dsDNA (>20,000 bp) is in the
presence of sufficiently high amounts of polyvalent cation, the rigid and highly
negatively charged nature of the DNA can be overcome resulting in curved and
condensed toroidal form of the DNA which is thermodynamically favored due to
hexagonal close packing of the DNA strands present in the DNA toroid. DNA
condensation is a result of the onset of an effective self-attraction of different parts of
the dsDNA molecule that are mediated by the polyvalent cation “bridging” the DNA
strands, in addition to screening the self-repulsion of the dsDNA and forcing the DNA

into a curved state.

Though RNA does not condense, the spermine has a significant effect on the
sedimentation coefficient of the RNA. The sedimentation coefficient of the 4:1
spermine:RNA charge is about 2.5 times greater than the sedimentation coefficient of

the RNA on its own.

ssSRNA has a much shorter persistence length than DNA, is a more flexible
molecule, and can be treated as a branched polymer because of its secondary
structure. When ssRNA folds in on itself, it forms rigid regions in the structure, called
duplexes, that are about 5-10 base pairs in length, and single-stranded loops. The
duplex length may not be sufficiently long to promote the same sort of energetically

favorable condensed state in RNA as in DNA. Additionally, spermine may bind
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differently to short duplexed RNA than to short duplexed DNA such that condensation
effects by polyvalent cations are not observed (Katz et al. %). For long enough, normal
composition ssRNA (i.e. RNA with ranges of 15-30% composition of each base, not
possessing long tracts of single base regions), its secondary structure will be presented
that exists in about 50% single-stranded and 50% in base paired form.*” Because of
this, the RNA's compact properties and interactions with spermine and with its self-
interactions are fundamentally different from dsDNA and spermine. We argue that RNA
Is being compacted at a single-molecule level; this is partially due to the decrease in
self-repulsion with the adsorbed spermine playing this role, along with the RNA-
spermine complex becoming more dense and less mobile, as the spermine makes the
RNA less prone to fluctuations from the thermal energy accessible in the system,

therefore contributing to its compact state.
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Chapter 7

Summary

Our studies have elucidated how virus-host interactions occur in vitro with regard
to a co-translational delivery mechanism whereby the genome of positive-sense-RNA
virus is made accessible to the ribosomal machinery without necessarily being
accompanied by disassembly of the protective capsid. We have done this with a
combination of in vitro (cell-free) translation measurements, and two different “fishing”
experiments in which the 5’-end of the packaged RNA genome is caught fluctuating
outside its capsid: in the first case the RNA end is biotinylated so that it will be bound by
streptavidin outside the capsid, and in the second case the 5’-capped end is bound by
purified initiation factor proteins. We have also prepared virus-like particles in which
capsid protein self-assembles around the viral RNA with its 5’-end constrained to be
outside the capsid by a long complementary oligo; using the resulting duplex as a

handle, we have performed single-particle magnetic tweezer experiments in which the
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force required to pull the RNA out of its capsid is measured as a function of length.
These results provide preliminary confirmation for the possibility of a virus remaining
intact until it can hand over its ready-to-translate RNA genome to the protection of the
ribosomal machinery that will synthesize its protein gene products. All of the
experiments involve contribute to understanding how RNA viruses have evolved to
balance the need for capsid stability — to ensure protection of the genome, with the
equally important need for capsid instability — to ensure accessibility of the genome to
its host’s ribosomal machinery. Intriguingly, this may help us understand new ways to
combat RNA viruses by inhibiting initial translation of their genomes from within the
capsid.

We hope in future studies to complete characterization of the fluctuation of viral
RNA out of its capsid by translation initiation factors, using structural methods like
CryoEM to reveal the details of this dynamical interaction. Further, our studies
addressing the conformational state of the RNA in the capsid — including the use of
polyvalent cations to pre-compactify the RNA before the in vitro self-assembly
procedure — opens up possibilities for the packaging of larger amounts of genetic
information in virus-like particles formed from the capsid protein of CCMV and BMV. We
posit that this method will provide an important platform for research groups and gene
delivery companies looking for effective ways to package RNA genes in “clean”,

monodisperse, biocompatible, protective (protein) cages.
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