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What goes right and wrong during virus self assembly?
Understanding how bacteriophage MS2 coat protein assembles
around RNA

ABSTRACT

Self-assembly is a vital part of the RNA virus life cycle. The assembly of viral coat proteins around viral
RNA occurs both 2z vivo and in vitro, suggesting that viral capsid assembly may be driven by mini-
mization of free energy. To better understand this process, we study the assembly of bacteriophage
MS2 virus-like particles (VLPs as a function of coat-protein concentration, RNA concentration,
ionic strength, temperature, and viscosity. We use dynamic light scattering, transmission electron
microscopy, and gel electrophoresis to determine the size distribution, morphology, and composition
of the assembled structures. We show how the morphology of MS2 VLPs varies with these conditions,
and we relate these results to a model of assembly involving nucleation and growth.
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2.3

Listing of figures

Overview of experiments and results. We mix MS2 coat protein with MS2 RNA to
make a solution with so nM RNA concentration and varying coat-protein concen-
tration. The transmission electron microscopy images, gel electrophoresis measure-
ments (full image is shown in Fig. 2.2), and dynamic light scattering results demon-
strate a transition from well-formed MS2 VLPs to monster capsids to RNA-protein
condensates with increasing coat protein concentration. The main text and subse-
quent figures elaborate on all of theseresults. . . . . ... .. ... ...
Images of agarose gels used to characterize the assembly products. We first stain with
ethidium bromide to detect the RNA (top image) and then stain with Coomassie
Blue R-250 to detect MS2 coat protein (bottom image). Lanes 1 (leftmost lane)
and 20 (rightmost lane) show a DNA ladder. Lanes 2—4 show three controls: MS2
RNA (lane 2), wild-type MS2 capsids (lane 3), and MS2 RNA treated with RNase
(lane 4). The other lanes show the results of gel electrophoresis on samples prepared
with coat-protein dimer concentrations ranging from 2.5 M to 30 uM. The region
highlighted in purple shows that the amount of wild-type-sized products increases
as dimer concentration increases from 2.5 to 7.5 M and then decreases sharply at
87uM. e
Plots of size distributions of wild-type MS2 virus particles and VLPs assembled 77
vitro at so nM concentration of free RNA and varying coat-protein dimer con-
centrations. The distributions are inferred from dynamic light scattering measure-
ments. The first column shows the size distribution on a number basis, the second
column shows the size distribution on a volume basis, and the third column shows
the measured autocorrelation functions. Light gray peaks in the distributions show
the results from eight individual experiments. Dark gray peaks show the results in-
ferred from the average autocorrelaton function. The autocorrelation functions for
each individual measurement are shown in light grey in the plots at right, and the
averageisshownindarkgray. . . . ... ... . oL oL Lo
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2.4

2.5

2.6

2.7

TEM images from negatively stained samples of wild-type MS2 particles and prod-
ucts of assembly at varying coat-protein dimer concentrations. At concentrations
less than 1o M, most particles have the shape and size of wild-type capsids. At
higher concentrations, we observe clusters of partially formed capsids that increase
in size with concentration. The dotted line in the inset of the 15 #M image shows
the outline of one such partial capsid. All scale bars are toonm. . . . . .. .. ..
TEM images of the same samples as shown in Fig. 2.4, but at different magnifi-
cations for each sample. The low magnification images of the samples at 12.5 xM
coat-protein dimer concentration and higher show that the assembled structures are
several micrometersinsize. . . . . ... ... ... e e Cee
Representative snapshots from Monte Carlo simulations of capsomer-and-polymer
systems with (A) a 12:1 ratio of capsomer to polymer and (B) a so:1 ratio. The vol-
umes of the simulation cells and reduced temperature of the simulations are iden-
tical (see Section 2.5). Each capsomer is modelled as a hard disk with five sticky
patches on its rim to mediate capsomer-capsomer interactions, and a large sticky
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patch on its face to mediate capsomer-polymer interactions. At the low capsomer:polymer

ratio, discrete particles form containing 12 capsomers surrounding a polymer (a se-
lect few are highlighted in panel A). At the high capsomer:polymer ratio, extended
clusters form, mediated by capsomer-capsomer interactions, that contain multiple
polymer chains and which resemble the RNA-protein condensates found in the ex-
periments. In the images at right, the capsomers are made transparent so that the
polymer conformations are morevisible. . . . . ... .. L 0oL
Overview of the experiments and results, showing how coat protein concentration
affects the structures of MS2 coat protein assembly around RNA. We mix so nM
MS2 RNA with varying amounts of MS2 coat protein. We find three kinds of as-
sembly products. The first (top row), which forms at 5 M coat protein, consists of
well-formed capsids that in some cases appear to stick together. The second (middle
row), which forms at 10 M protein concentration, consists of monster particles:
multiple partial capsids that decorate the RNA. The third (bottom row), which
forms at 15 M protein concentration, consists of condensates of RNA and coat
protein. Diagrams at left and middle illustrate potential pathways for formation of
these products. Images at right are from transmission electron microscopy (TEM)
of negatively stained MS2 VLPs. . . . . . ... ... ... .. L.

TEM images of negatively stained samples of wild-type MS2 particles mixed with
varying coat-protein dimer concentrations. At concentrations less than § uM, we
begin to see the formation of an additional coat-protein layer and, in some cases,
clusters of particles. The number of layers and clusters increases with increasing
CONCENTIAtION. . . . . . . L v v vt v it et e e e e e e e e
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TEM image of a negatively stained sample of MS2 virus-like particles (VLP) mixed
with 15 M coat-protein dimers. Again, we see the formation of an additional coat
protein layer that formsaround the VLP. . . . . . . ... ... ... ...
Images of agarose gels used to characterize samples. We first stain the samples with
ethidium bromide to detect the RNA (top image) and then with Coomassie Blue
R-250 to detect protein (bottom image). Lanes 1 (leftmost lane) and 12 (rightmost
lane) show a DNA ladder. Lane 2 shows a control sample of wild-type MS2 capsids.
Lanes 4—6 and 8—10 show samples prepared with coat-protein dimer concentrations
from 1.25 to 20 M (lane 7 represented a concentration of 7.5 M but there was a
mistake in the preparation of the sample). An additional sharp band appears that
broadens with increasing coat-protein concentration. . . . . . ... ... .. ..
Plots of size distributions of wild-type MS2 virus (top row) and of 5o nM MS2 wild-
type virus mixed with varying concentrations of coat-protein dimers (bottom five
rows). The distributions are inferred from dynamic light scattering measurements.
The first column shows the size distribution on an intensity basis, the second col-
umn shows the size distribution on a volume basis, and the third column shows the
measured autocorrelation functions. The light grey peaks in the distribution show
the results from eight individual experiments. Dark gray peaks show the results in-
ferred from the average autocorrelation function. The autocorrelation function for
each individual measurements is shown in light gray. The diameter d corresponding
to each peak is noted on each distribution. . . . . ... ... . o o0
Analysis of infectvity of wild-type MS2 and wild-type virus with added coat protein.
A. Confocal micrographs (raw images and histogram adjusted images to show indi-
vidual pixels) of wild-type MS2 labeled with AF 647 mixed with 5 uM, 10 M, and
15 uM coat-protein dimers (CP;). B. A plot of the F-pili fluorescence fraction (a
measure of the ratio of the number of particles bound to F-pili to the total number
of particles). C. Photographs of a plaque assay of wild-type MS2 (left) and wild-type
MS2 added to 15 uM coat-protein dimers (right). There are more plaques (empty
regions) in the left image (wild-type MS2), indicating that the additional coat pro-
tein reduces the infectivity but does not eliminateit. . . . . . ... ... ... ..
Images of plaque assays done with so nM wild-type MS2 virus mixed with o, s, 10,
and 15 M concentration of coat-protein dimers. We wait ro min for assembly to
occur. These experiments show a decrease in the number of plaques, which indi-
cates a decrease in the overall infectivity. . . . . ... ... ... 0oL
Diagram showing pathway by which multi-layer MS2 capsids form. . . . . . . ..
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Introduction

1.1  VIRUS SELF-ASSEMBLY AND STRUCTURE

Self assembly is believed to be an important part of the life-cycle of small icosahedral RNA viruses
like bacteriophage MS2. These viruses replicate themselves by first attaching themselves to a host cell
and releasing their RNA. The host then produces more viral RNA synthesized by replicase enzymes

that the viral RNA encodes. Coat proteins are then translated from these RNAs by the ribosomes



within the host cell. The coat protein and RNA assemble into viruses that then escape the cell and
infect others. The process by which well-formed capsids form from a random distribution or “soup”
of RNAs and coat proteins within a crowded cell is not well understood #**.

If we take the virus and separate it into its native coat protein and RNA, then mix them outside of
the host, we can often produce virus-like particles (VLPs)#7. Because this assembly process happens 7z
vitro, it appears that the viral capsid represents a free-energy minimum. Minimization of free energy
explains why capsids are able to form 7z vitro but not how they assemble around their RNA. This
process is interesting because the structures that are formed after assembly are non-trivial. Wild-type
MS2 contains 178 identical protein monomers in addition to the maturation protein. Each of these
monomers has to assemble into either hexamers and pentamers, as in a soccer ball, to enclose the RNA.
The resulting shape has icosahedral symmetry and can be described by a triangulation number 7" =
3*7. When MS2 coat protein and RNA assemble 77 vitro, the MSa virus-like particle (VLP) that is
formed contains 180 identical coat protein monomers (or 9o identical coat protein dimers) in quasi-
equivalent positions around the viral genome. The structures of these VLPs also have icosohedral
symmetry with pentameric and hexameric configurations.

Previous experiments using interferometric scattering have shown that that the assembly pathway
for MS2 VLPs follows classical nucleation theory (CNT) '5. It was shown that when there is a suffi-
cient amount of coat protein available, a critical nucleus forms on the surface of tethered MS2 RNA
before fully enclosing the strand of RNA. These experiments have also shown that at increasing coat
protein concentration structures consisting of multiple partial capsids grow on the surface of a single
strand of RNA. Although these experiments give insight into the assembly pathway, they were done
with RNA tethered to a surface. The RNA may therefore have had a restricted conformational space.
Furthermore, this study provided limited structural information about the assemblies.

There are many theories for how viruses avoid malformed structures, but the first step towards

testing these theories is to understand how assembly can go wrong. Doing this requires us to modify



variables such as the coat protein and RNA concentrations, as well as the ionic strength and temper-
ature, which affect the protein-protein interactions and protein-RNA interactions. In general these
interactions have been found to play an important role in the assembly of MS2 VLPs*3°. However,
little is known about how the assembly products vary with these parameters.

My aim is to understand how different buffer conditions affect the products of assembly. With
this understanding, we can infer how MS2 VLPs can minimize their free energy under favored bufter
conditions. The structures that form may provide insight into intermediate assembly steps or addi-
tional configurations that may be explored (and potentially avoided) within a host cell. These insights
may also shed light on the pathway that RNA viruses use to assemble themselves and avoid malformed

structures.

1.2 OVERVIEW

This thesis demonstrates how dynamic light scattering, gel electrophoresis, transmission electron mi-
croscopy, and other complementary methods that include course-grained simulation, zeta-potential
analysis, and plaque assays can reveal a phase diagram for MS2 VLP self-assembly and characterize
the various configurations that MS2 VLPs may explore. In addition, we uncover information about
what physical parameters matter most in MS2 VLP assembly. I begin by exploring the role that coat
protein concentration plays in MS2 VLP bulk assembly (Chapter 2). We conclude in this chapter that
the nucleation rate is controlled by the coat protein and increasing concentration results in structures
that are different than the well-formed VLPs found in other studies *7. I then go on to further explore
how assembly may be driven by electrostatic interactions (Chapter 3). We conclude in this chapter
that electrostatic interactions might act as a driver for nucleation and growth. I then explore the ef-

fects of RNA concentration, ionic strength, and temperature on the structure of MS2 VLPs (Chapter

4)-



Effect of Capsid Protein Concentration on

MS2 Coat Protein Assembly Around RNA

In this chapter I describe our experiments on the assembly of bacteriophage MS2 coat protein around
the RNA genome of MS2 in bulk. These experiments represent a portion of the main focus for my
thesis work. I further explore the potential for malformation under other buffer conditions in Chapter

3.



The work described in this chapter was conducted jointly with Rees F. Garmann and Andreas

Neophytou.

2.1 INTRODUCTION

For positive-sense RNA viruses to replicate, coat proteins must assemble around the viral RNA to
form new virus particles’. Certain features of this assembly process can be replicated 7z vitro, in the

12,2,21

absence of host-cell factors . For example, virus-like particles (VLPs) can be assembled from so-
lutions of the coat protein and RNA of bacteriophage MS2. Though these VLPs lack the maturation
protein required for infectivity, they nonetheless have the same structure and size as wild-type MS2
virus particles 7, lending support to the premise that virus assembly is driven by free-energy minimiza-
tion.

However, the assembly process itself and the conditions under which it leads to well-formed struc-
tures are not yet well understood. In MS2, most previous work on this question has focused on the role
of specific interactions between coat protein and the viral RNA and, in particular, on a portion of the
RNA called the translational operator*?. Studies on R17, a virus closely related to MS2, have shown
that the the overall yield of assembled VLPs decreases if the RNA does not contain this translational
operator >*?. Nonetheless, assembly proceeds in its absence, perhaps due to non-specific interactions
of the coat protein with the RNA?. Therefore, specific RNA-protein interactions might affect the
assembly rate and yield but do not seem to be essential to the assembly process.

While these studies have established the importance of RNA-protein interactions to the assembly
process, they did not directly reveal the assembly pathway itself. More recent work involving inter-
ferometric scattering microscopy (iSCAT), a technique that can image individual VLPs as they form,
shows that MS2 VLPs assemble by a nucleation-and-growth pathway *> at near-neutral pH, salt con-

centrations on the order of 100 mM, and micromolar coat-protein concentrations. In this pathway,



a critical nucleus of proteins must form on the RNA before the capsid can grow to completion. The
size of the critical nucleus, estimated to be less than six coat-protein dimers, is associated with a free-
energy barrier. Taken together with the previous experiments on the role of the RNA sequence, these
results show that MS2 assembly is a heterogeneous nucleation process, in which the nucleation rate is
likely controlled by two factors: RNA-protein interactions and the coat-protein concentration.

Arguably, the coat-protein concentration has a larger role in controlling the morphology of the
VLPs than does the nature of the RNA-protein interactions (at least in 7z vitro experiments, where
the coat-protein concentration is typically fixed). The iSCAT experiments'S showed that very few
VLPs are formed at low (1 zM) concentration of MS2 coat-protein dimers, while well-formed cap-
sids form at higher concentrations, and so-called ”monster” capsids, consisting of multiple partially
formed capsids on a single strand of RNA, form at even higher concentrations (several #M). These
results suggest that the nucleation barrier, which controls the nucleation rate, depends sensitively on
the coat-protein concentration. At low concentration, the nucleation rate is too small for capsids to
form within the experimental time frame; at high concentration, the nucleation rate is so high that
multiple nuclei can form on a single RNA strand, resulting in monster capsids. However, these stud-
ies examined only a few protein concentrations, and they were performed at low RNA concentration
relative to protein.

Here we use bulk assembly experiments to determine the assembly products of MS2 coat protein
and MS2 RNA as a function of coat-protein concentration. We characterize the assembly products
using three techniques: gel electrophoresis, dynamic light scattering (DLS), and transmission electron
microscopy (TEM). This three-pronged approach allows us to corroborate results and test hypotheses
about how the assembly products form. Gel electrophoresis and TEM provide qualitative data that
we use to determine the size and structure of the assembly products, and DLS provides quantitative in-
formation about their size distributions. With these methods, we show that as protein concentration

increases, the morphologies transition from well-formed VLPs to “monster” capsids to RNA-protein
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Figure 2.1: Overview of experiments and results. We mix MS2 coat protein with MS2 RNA to make a solution with
50 nM RNA concentration and varying coat-protein concentration. The transmission electron microscopy images, gel
electrophoresis measurements (full image is shown in Fig. 2.2), and dynamic light scattering results demonstrate a transition
from well-formed MS2 VLPs to monster capsids to RNA-protein condensates with increasing coat protein concentration.
The main text and subsequent figures elaborate on all of these results.

condensates consisting of large networks of RNA and protein. We explain these results, which are

summarized in Fig. 2.1 and discussed in more detail below, in terms of a nucleation-and-growth model

for capsid assembly.

2.2 RESULTS

2.2.1 OVERVIEW OF EXPERIMENTAL APPROACH

Briefly, our experimental procedure consists of combining so nM MS2 RNA with purified MS2 coat-
protein dimers at concentrations ranging from 2.5 to 30 #M (see Section 2.5 for full details). For ref-
erence, a full VLP has an icosahedral capsid with a triangulation number of 3, corresponding to 180
coat proteins. At 5o nM RNA concentration, a coat-protein dimer concentration of 5 uM therefore

corresponds approximately to the stoichiometric ratio of coat proteins to RNA in a full VLP. We



work with dimer concentrations instead of monomer concentrations because MS2 coat proteins are
typically dimerized in solution*°. After mixing the RNA and coat protein, we then wait 1o min to
allow assembly to occur, after which we add RNase to digest any excess MS2 RNA that is not encapsi-
dated. We then characterize the resulting assembly products with gel electrophoresis, DLS, and TEM

(see Section 2.5).

2.2.2 RESULTS FROM GEL ELECTROPHORESIS

We first qualitatively characterize the size and composition of the assembly products using agarose gel
electrophoresis. We use both Southern blotting to detect RNA and western blotting to detect coat
protein in our samples. For comparison, we also characterize wild-type MS2, MS2 RNA, and digested
MS2 RNA (see Section 2.5).

The most striking feature of the gel is a band that runs at the same position as wild-type MS2 but
with a brightness thatincreases from 2.5 to 7.5 uM coat-protein dimers and then suddenly decreases at
8.7 uM (see highlighted region in Fig. 2.2). We interpret this increase and sudden decrease as follows.
Near the stoichiometric ratio (approximately s #M dimers to so nM RNA), well-formed VLPs as-
semble, with more VLPs forming at higher protein concentration. Above 7.5 uM, the sharp decrease
in brightness indicates that far fewer well-formed MS2 VLPs assemble. Instead, as indicated by the
spreading of the band toward to the upper part of the gel, the assembly products at dimer concen-
trations greater than 7.5 uM are larger than the wild-type particles, and they contain both RNA and
protein.

We also see that at coat-protein dimer concentrations higher than 7.5 uM, the intensity of the dif-
fuse band increases with increasing concentration (Fig. 2.2). The increase in brightness and change
in the center position of this band suggest that the amount of large assembly products increases at
the expense of the wild-type-sized products. At 15 M, the diffuse band no longer overlaps with the

band corresponding to wild-type-size VLPs. For dimer concentrations beyond 15 #M, some of the
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Figure 2.2: Images of agarose gels used to characterize the assembly products. We first stain with ethidium bromide to
detect the RNA (top image) and then stain with Coomassie Blue R-250 to detect MS2 coat protein (bottom image). Lanes
1 (leftmost lane) and 20 (rightmost lane) show a DNA ladder. Lanes 2-4 show three controls: MS2 RNA (lane 2), wild-type
MS2 capsids (lane 3), and MS2 RNA treated with RNase (lane 4). The other lanes show the results of gel electrophoresis
on samples prepared with coat-protein dimer concentrations ranging from 2.5 uM to 30 M. The region highlighted in
purple shows that the amount of wild-type-sized products increases as dimer concentration increases from 2.5 to 7.5 uM

and then decreases sharply at 8.7 uM.



assembly products are so large that they are trapped near the top of the agarose gel.

The transition from a bright to a diffuse band might represent a transition from well-formed VLPs
to either malformed structures or aggregates of capsids. The gels by themselves cannot confirm either
hypothesis, since they reveal only that the assembly products all contain RNA and that they increase
in size with increasing coat-protein concentration. We therefore turn to dynamic light scattering and

transmission electron microscopy experiments, as described below.

2.2.3 RESULTS FROM DYNAMIC LIGHT SCATTERING

To quantify the sizes of the assembly products, we use DLS with numerical inversion methods. These
methods yield the size distributions of assembly products in both number and volume bases (see Sec-
tion 2.5).

At coat-protein dimer concentrations 7.5 #M and below, we observe in both the number and vol-
ume distribution a peak at or near the size of wild-type MS2 particles (see shaded bands in Fig. 2.3;
we expect some variation in the location of this peak because the inversion of the autocorrelation
function is sensitive to noise). This peak is accompanied by peaks at larger sizes, unlike the size dis-
tribution for wild-type MS2, which consists of only one peak. At coat-protein dimer concentrations
above 7.5 uM, the peak corresponding to size of wild-type MS2 particles decreases until it disappears
(in the volume-basis distributions) at 12.5 M. At concentrations of 15 and 20 M, we observe a single
peak corresponding to much larger assembly products. Overall, we observe that the average size of the
assembly products increases with increasing protein concentration (Fig. 2.3).

The DLS data support our interpretation of the gel-electrophoresis data. Specifically, both the
DLS and gel data show that the proportion of VLPs with sizes corresponding to the wild-type size
decreases with concentration above 7.5 uM coat-protein dimer concentration, whereas only larger
products form at high concentration. The DLS data additionally show that the size of these larger

products is on the order of several hundred nanometers.
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wildtype MS2

Figure 2.4: TEM images from negatively stained samples of wild-type MS2 particles and products of assembly at varying
coat-protein dimer concentrations. At concentrations less than 10 #M, most particles have the shape and size of wild-type
capsids. At higher concentrations, we observe clusters of partially formed capsids that increase in size with concentration.
The dotted line in the inset of the 15 #M image shows the outline of one such partial capsid. All scale bars are 100 nm.

However, the DLS data also show peaks corresponding to particles larger than wild-type at con-
centrations less than 10 uM. We do not see evidence of such particles in the gel data. These peaks
may correspond to weakly-bound clusters of well-formed MS2 VLPs that are observable in the DLS
experiments but fall apart during gel electrophoresis (see Fig. 2.2). Because DLS does not provide any
structural information, we turn to TEM to test this hypothesis and characterize the structures of the

assembly products.
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Figure 2.5: TEM images of the same samples as shown in Fig. 2.4, but at different magnifications for each sample. The low
magnification images of the samples at 12.5 4M coat-protein dimer concentration and higher show that the assembled
structures are several micrometers in size.

2.2.4 TRANSMISSION ELECTRON MICROSCOPY (I'EM) EXPERIMENTS

TEM images of negatively stained samples show that most of the assembly products at dimer con-
centrations 7.5 #M and below are well-formed MS2 VLPs (sce Figs. 2.4 and 2.5), with some mal-
formed VLPs and clusters of MS2 VLPs, consistent with the larger sizes present in the DLS-derived
size distributions. At a concentration of 10 M, we observe malformed particles that consist of par-
tially formed capsids. These structures are similar to the so-called “monster” particles observed in
turnip-crinkle-virus assemblies* and, more recently, in MS2 assembly experiments'>. At concentra-
tions above 15 M we observe what appear to be large aggregates of partially formed capsids (Fig. 2.4).

These aggregates are micrometer-sized (Fig. 2.5 ), comparable to the sizes seen in the DLS distributions

(Fig. 2.3).
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2.3 DiscussioN

Our measurements show that coat-protein concentration plays an important role in the morphology
of the assembly products of MS2 RNA and coat protein. At low coat-protein dimer concentrations
(less than 7.5 M), gel electrophoresis, DLS, and TEM all point to the formation of MS2 VLPs thatare
the same size as wild-type MSa2. These structures appear to be well-formed, consistent with previous
studies 7. Athigher concentrations (between 7.5 and 10 M), we observe monster particles consisting
of a few partial capsids. At even higher concentration (12.5 #M), results from gel electrophoresis,
DLS, and TEM point to the formation of large aggregates several hundred nanometers in size and
containing many partial capsids.

Whereas the observation of well-formed VLPs and even monsters is consistent with previous stud-
ies, the observation of large aggregates at high protein concentrations has not, to our knowledge, been
studied in detail. These structures are interesting not only because they contain many partially formed
capsids, but also because they contain RNA, as shown by our gel electrophoresis measurements. Be-
cause the structures contain both RNA and protein, we term them “condensates.” Below, we consider
several hypotheses that might explain the formation of the condensates, with the aim of understanding
what they reveal about the assembly pathway of the virus.

One hypothesis is that the condensates arise primarily by aggregation of coat proteins. However,
gel electrophoresis, DLS, and TEM experiments show no evidence of coat-protein aggregation in the
absence of RNA, even at 15 M dimer concentration. In addition, gel electrophoresis data at high
coat-protein concentrations show that the condensates contain both RNA and coat protein. While
such structures might arise if the aggregation of the coat proteins were rapid, trapping the RNA inside,
the absence of aggregation of coat protein at high concentrations is evidence against this hypothesis.

Another hypothesis is that the RNA-protein condensates arise from an ez masse pathway*°, in

which the interactions between the coat proteins and RNA are strong compared to the inter-protein
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Figure 2.6: Representative snapshots from Monte Carlo simulations of capsomer-and-polymer systems with (A) a 12:1
ratio of capsomer to polymer and (B) a 50:1 ratio. The volumes of the simulation cells and reduced temperature of the
simulations are identical (see Section 2.5). Each capsomer is modelled as a hard disk with five sticky patches on its rim to
mediate capsomer-capsomer interactions, and a large sticky patch on its face to mediate capsomer-polymer interactions.
At the low capsomer:polymer ratio, discrete particles form containing 12 capsomers surrounding a polymer (a select few
are highlighted in panel A). At the high capsomer:polymer ratio, extended clusters form, mediated by capsomer-capsomer
interactions, that contain multiple polymer chains and which resemble the RNA-protein condensates found in the experi-
ments. In the images at right, the capsomers are made transparent so that the polymer conformations are more visible.

interactions. In this scenario, coat proteins would first decorate the RNA, potentially leading to a
heteroaggregate of RNA and protein. This scenario would account for the presence of RNA in the
condensates. However, it is at odds with the observation of a nucleation-and-growth pathway 5 at
lower concentrations. If nucleation and growth happens at low concentrations, we expect that in-
creasing the protein concentration should not cause a transition to an ez masse pathway but should
instead primarily change the nucleation rate.

We therefore consider the hypothesis that a nucleation-and-growth pathway is operative at all coat-
protein concentrations. At low concentrations, where the assembly products are well-formed VLPs,

our study provides no direct evidence for this pathway, but as noted above, previous direct imag-
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ing measurements have shown that the assembly is nucleated. The nucleation-and-growth pathway
does, however, account for the monster particles seen at intermediate protein concentrations. These
structures, which consist of multiple partial capsids, can form when more than one nucleation event
happens on a single RNA strand; indeed, we expect that the probability of multiple nucleation events
should increase with the coat-protein concentration.

The question then is how the condensates form with the RNA trapped inside. To understand
whether and how a nucleated pathway might lead to such condensates, we turn to simulations. We
perform coarse-grained patchy-particle simulations in which the capsomers are represented as patchy
hard disks, and the RNA is represented as a free polymer approximately 14 times the length of each
capsomer (see Fig. 2.6 and Section 2.5), such that each polymer can be encapsidated by 12 capsomers.
Although the experimental system is more complex — specifically, an MS2 VLP consists of 9o coat-
protein dimers, yielding a 7" = 3 structure — the simulation is designed to test the hypothesis that
nucleation and growth can lead to a condensate. To this end, we tune the interactions so that the
assembly is nucleated, as seen in Fig. 2.6.

Whereas at low capsomer concentrations the simulations show the assembly of well-formed capsids
containing polymer, at high capsomer concentrations they show the assembly of large networks of
polymers and partial capsids, just as in the experiments. Interestingly, the simulations show that these
networks consist of multiple polymer strands that are bridged by networks of partial capsids (Fig. 2.6).
A partial capsid attached to one polymer molecule can connect, through other capsomers, to a partial
capsid attached to a different polymer molecule. This observation provides a plausible explanation for
why the condensates seen in the experiments can grow to be so large even in the absence of significant
coat-protein aggregation: the coat proteins may be able to bridge partial capsids on different RNA

molecules.
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Figure 2.7: Overview of the experiments and results, showing how coat protein concentration affects the structures of
MS2 coat protein assembly around RNA. We mix 50 nM MS2 RNA with varying amounts of MS2 coat protein. We find
three kinds of assembly products. The first (top row), which forms at 5 uM coat protein, consists of well-formed capsids
thatin some cases appear to stick together. The second (middle row), which forms at 10 #M protein concentration, consists
of monster particles: multiple partial capsids that decorate the RNA. The third (bottom row), which forms at 15 #M protein
concentration, consists of condensates of RNA and coat protein. Diagrams at left and middle illustrate potential pathways
for formation of these products. Images at right are from transmission electron microscopy (TEM) of negatively stained
MS2 VLPs.
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2.4 CONCLUSIONS

Our experiments and simulations show that all the morphologies we observe as a function of coat-
protein concentration — well-formed capsids, monster capsids, and RNA-protein condensates — can
be understood as outcomes of a nucleation-and-growth process. Other hypotheses, including coat-
protein aggregation and ez masse assembly, do not account for all of our results.

In a nucleation-and-growth assembly pathway, the primary effect of increasing the coat-protein
concentration is to increase the nucleation rate. If the growth rate depends more weakly on concen-
tration than does the nucleation rate, we can explain the formation of all the structures we observe
as follows. If the timescale of nucleation is short compared to the time for a nucleus to grow into a
tull capsid, multiple nuclei can form on the same RNA strand. When these nuclei grow, they do not
in general form a closed capsid, but instead form partial capsids. At moderate concentrations, these
partial capsids remain disconnected as they grow, leading to monster capsids. At high concentration,
coat proteins can bridge partial capsids on different RNA molecules, leading to the formation of large
RNA-protein condensates.

There remain a few questions to be resolved in future studies. One question is how the RNA is
spatially distributed in the condensates, and specifically whether the bridging mechanism observed
in the simulations is operative in the experiments. Another question is what happens at concentra-
tions between those at which well-formed capsids form and monster capsids form. DLS and TEM
experiments suggest that at these intermediate protein concentrations, small clusters of well-formed
capsids are present. The driving force for the formation of these clusters is not clear, but they might
arise when a single RN A molecule spawns multiple nuclei that each form a full (or nearly full) capsid.
In this situation, the RNA would connect the capsids into a “multiplet” structure "#. This hypothesis
would explain why we do not see evidence for small clusters of well-formed capsids in the gel data; in

the gel experiments, we treat the assembled samples with RNase, which could cleave any RNA link
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between capsids. Fluorescent microscopy experiments could help answer all of these questions.

Our work might also inform models of the assembly pathway, particularly those based on the law
of mass action5543%53:5°_in which the concentration of coat proteins plays a critical role. Further
experiments that quantify how the nucleation rate depends on the coat-protein concentration would
help connect these models to the morphological observations we present here. From a more practical
perspective, our work helps establish constraints on concentration for the production of MS2 VLPs

form. Such VLPs are used to encapsulate materials for drug delivery **32°.,
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2.5 MATERIALS AND METHODS

All materials were used as received. Buffers were prepared as follows:

Assembly buffer: 42 mM Tris, pH 7.5; 84 mM NaCl; 3 mM acetic acid, t mM EDTA

TNE bufter: so mM Tris, pH 7.5; 100 mM NaCl, 1 mM EDTA

* TE bufter: 1o mM Tris, pH 7.5; 1 mM EDTA

TAE buffer: 40 mM Tris-acetic acid, pH 8.3; 1t mM EDTA

2.5.1 VIRUS GROWTH, CULTIVATION, AND STORAGE

We purify wild-type bacteriophage MS2 as described by Strauss and Sinsheimer 46 In brief, we grow
MSa2 virus particles by infecting E. col7 strain C3000 in minimal LB Bufter, and we remove E. colz cell
debris by centrifugation at 16700g for 30 min. We then use chloroform extraction to purify the solute
containing the virus. We extract the purified virus particles by density gradient centrifugation in a
cesium chloride gradient. We store the purified virus at 4 °C ata concentration of 10! plaque-forming
units (pfu) in Tris-NaCL-EDTA or TNE buffer (5o mM Tris, 1oo mM NaCL, s mM EDTA) at pH
7.5. We determine the concentration of virus by UV-spectrophotometry (NanoDrop 1000, Thermo

Scientific) using an extinction coefficient of 8.03 mL/mg at 260 nm.

2.5.% COAT-PROTEIN PURIFICATION AND STORAGE

MS2 coat-protein dimer is purified as described by Sugiyama, Herbert, and Hartmant*”. Wild-type
bacteriophage MS2 is suspended in glacial acetic acid for 30 min to denature the capsid, separate it
into protein dimers, and precipitate the RNA. We then centrifuge the sample at 10000¢ and collect

the supernatant, which contains coat-protein dimers. We filter out the glacial acetic acid with 20 mM

20



acetic acid bufter through 3-kDa-MWCO sterile centrifugal filters (Millipore Sigma, #UFCs00324)
five times. This process removes the glacial acetic acid to prevent further denaturing of the coat-
protein dimers. We then determine the concentration of our coat-protein dimers by measuring the
absorbance with the Nanodrop Spectrophotometer (Thermo Fisher) at 280 nm. We store the MS2
coat protein at 4°C in a 20 mM acetic acid buffer. We measure the absorbance at 260 nm as well
to detect residual RNA. In our experiments, we use only purified protein with an absorbance ratio

(protein:RNA) above 1.5 to avoid RNA contamination.

2.5.3 RNA PURIFICATION AND STORAGE

Wild-type MS2 RNA is purified using a protocol involving a Qiagen RNeasy Purification Kit Mini
(Qiagen, #7400450). We take 100 uL. of MS2 stored in TNE buffer and mix with 350 xL of bufter
RLT (alysis buffer) to remove the coat-protein shell. We add 250 uL of ethanol to our sample and mix
to precipitate the RNA. We then transfer our sample to a 2 mL RNeasy Mini spin column (provided
by the Qiagen Purification Kit) that is placed in a collection tube. We then centrifuge at 10000¢ for
15 s and discard the flow through. We add soo L of buffer RPE (to remove traces of salts) to the
spin column and centrifuge for 15 s at 1oooog. We discard the flow-through. We then add soo uLL
of buffer RPE once more to the spin column and centrifuge for 2 min at 10000g. We place the spin
column upside down into in a fresh 1.5 mL collection tube (provided in the purification kit) to collect
the RNA trapped in the spin column. We add so xL of TE buffer to the spin column and centrifuge
at 10ooog for 1 min to collect the RNA. We measure the RNA concentration using a Nanodrop
spectrophotometer by measuring the absorbance at 260 nm and using an extinction coefficient of

25.1 mL/mg. We store the purified MS2 RNA at -80°C in Tris-EDTA (TE) bufter at neutral pH

(7:5)-
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2.5.4 GEL ELECTROPHORESIS AND ANALYSIS

For gel electrophoresis experiments, we mix 15 «L of sample with 4 xL of glycerol and load into a
1% agarose gel in assembly bufter consisting of 5 parts Tris-NaCL-EDTA (TNE) buffer (5o mM Tris,
100 mM NaCl, 1o mM EDTA, pH 7.5) to 1 part 20 mM acetic acid buffer. We use Southern blotting
with Ethidium Bromide (EtBr) to stain the RNA and to detect the presence of MS2 RNA. Western
blotting with Coomassie Blue R-250 is used to detect the presence of MS2 coat protein. The com-
bination of these staining methods allow us to confirm the presence of both MS2 RNA and MS2
coat protein within the resulting assemblies. We place three control samples in lanes 2 through 4 that
include MS2 RNA at so nM concentration (lane 2), wild-type MS2 at 50 nM concentration (lane
3), and so nM concentration of digested MS2 RNA genome (lane 4) resulting from the addition of
RNase A. These controls allow us to compare the sizes of our assembly products to systems of known
sizes. We can also determine whether the samples consist of MS2 VLPs formed during assembly or
excess strands of MS2 RNA. We place our assembly products in lanes 6 through 19. These samples
are loaded and run at 21 °C at 100 V voltage for 40 min and visualized using a Biosystems UV Imager

(Azure, #AZ1280).

2.5.5 DYNAMIC LIGHT SCATTERING (DLS) AND ANALYSIS

We use dynamic light scattering (Malvern ZetaSizer Nano ZS by Malvern Panalytical) to determine the
size distribution of particles that assemble at so nM MS2 RNA concentration and coat-protein dimer
concentrations of 2.5, 5, 7.5, 10, 12.5, 15, and 20 M. We also characterize the wild-type samples. The
size distributions are determined using the regularization method provided by the software provided

with the instrument33.
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2.5.6 TRANSMISSION ELECTRON MICROSCOPY (TEM) AND ANALYSIS

For transmission electron microscopy, we negatively stain the samples with 2% aqueous uranyl ac-
etate on 200 mesh carbon-coated copper TEM grids (Polyscience, TEM-FCF200CU), then image
them with the Hitachi 7800 TEM provided by the Center for Nanoscale Systems at the Science and
Engineering Complex (CNS-SEC) at Harvard University. Each image was taken at 20 kV, so kV, and
100 kV voltage.

As a control, we mix 15 M MS2 coat-protein dimers in assembly buffer. This control is done to

ensure that capsid-like or VLP-like structures do not form in the absence of MS2 RNA.

2.5.7 RNA AND COAT-PROTEIN BULK ASSEMBLY EXPERIMENTS

Wild-type MS2 RNA genome at a concentration of so nM is mixed with varying concentrations of
MS2 coat-protein dimers ranging from 2.5 M to 30 #M and left at room temperature (21 °C) for
1o min. The assembled virus-like particles are then characterized using gel electrophoresis, dynamic

light scattering (DLS), and transmission electron microscopy (TEM).

2.5.8 COARSE-GRAINED MODEL FOR CAPSID ASSEMBLY

To model the assembly of the capsids and condensates, we developed a patchy particle model that
captures the essential features of the system. The model consists of capsomers and a polymer chain,
which is used to model the RNA. A capsid is constructed from 12 subunits, each having Cs, symmetry,

where the center of each subunit sits on the vertex of an icosohedron.

CAPSOMER-CAPSOMER INTERACTIONS

We coarse-grain the capsomeric building blocks as hard disks decorated with five attractive patches

arranged such that they form a pentagon, giving the capsomers Cs, symmetry. We model the hard core
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of the capsomers using the hard oblate spherocylinder model previously used to investigate the phase
behavior of discotic liquid crystals”. In this model, the particles have a cylindrical core with diameter &
and thickness L. Additionally, there is a toroidal rim with a tube diameter equal to that of the thickness
of the cylindrical core. We are then able to define the total diameter of the particles as D = o+ L, and
their aspect ratio as L* = L/D. The pair interaction between two spherocylinders is infinite if the
shortest distance between the cylindrical cores of the particles is less than L, and zero otherwise. We

compute the shortest distance between two hard oblate spherocylinders using the algorithm outlined

in Ref. 7.

12, where each attractive site

We model the attractive patches by adapting the Kern-Frenkel mode
involves a square-well attraction modulated by an angular factor between the patches, with a half-angle
¢. The angular factor is unity only when the patches are oriented such that the vector connecting the
centers of the two particles passes through the patches on their surfaces, and zero otherwise. The
width of the square well, d,p, determines the range of the attraction between the patches relative to
the particle diameter. The depth of the square well, £.,p, governs the strength of the bonds. Owing
to the anisotropic geometry of the particles, we must include an additional parameter @ that defines
the orientation of the patches relative to the normal of the flat surface of the cylindrical core of the

particle.

The total pair potential defining capsomer-capsomer interactions is then

5

cap __ oh SW,cap A A
v (1, Q;, Q) = U;’- (1, Qiy Q) + Z Ut (tap )X 110 1), (2.1)
a,B
where 7;; = [r;;| is the center-to-center distance between particles 7 and 7, Q; and Q; define the ori-

entation of the cylindrical core of particles 7 and j, 7; , is a normalized vector defining the orientation
of patch « on particle 7 (similarly, 7; 4 is a normalized vector defining the orientation of patch 4 on

particle /), and r,p is the separation vector connecting patches  and 2.
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ohsc
7

The term #;* is the hard oblate spherocylinder pair potential

vﬁ-]’hsc(nj, Q;, Q) = (2.2)

0 otherwise

. . . . SW,ca
with d;; representing the shortest distance between the two particles. The term va‘; P

is a square-well
potential:

SW,Ca] _55313 ifrdﬂ < (1 + é\calp)a'
Vg (7ap) = (2.3)

0 otherwise,

and f(x,g, ; 4, 72j ) is the angular modulation factor,

o 1 iff;, -t > cosfand njg - tg, > cos?d
f(racﬂa Ny, nj,ﬁ) - (2.4)

0 otherwise.

The reference orientation of particle 7 is taken to be Q; = (0, 0, 1); that is, the normal of the flat
face of the oblate spherocylinder is aligned with the z-axis of the global coordinate frame. We then
define the reference position of the first patch on particle 7 as p;; = (¢/2,0,0) and the position
of each other patch as a rotation about the z-axis of the local coordinate frame of the particle such
that Pin = R.(n2m/S) - p;, where n = 2,3,4,5 and R, is a rotation matrix defining a clockwise
rotation of angle ¢ = #27/S about Q;. The orientation of patch « on particle 7 is then n,;, =
sin(@)Q; + (2 cos(@)/7)p,, where @ is the angle between f1;, and the plane containing the flat face

of the oblate spherocylinder.
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PoLYMER-POLYMER INTERACTIONS

Each RNA molecule is modeled as a flexible self-avoiding polymer — that s, as a chain of hard-spheres,

where neighboring beads in the chain are connected by a harmonic spring ***>*4:

vpoly (1) = x(ryy — aply)?, (2.5)

where 7;; is the distance between beads 7 and j (where j = 7 — 1,7 + 1), « sets the strength of the
harmonic spring, ¢y, is the hard-sphere diameter of the beads in the polymer chain, and /; sets the

equilibrium bond length between neighboring beads.

CAPSOMER-POLYMER INTERACTIONS

Finally, we allow for interaction between the capsomers and the polymer v7z an attractive patch on the
surface of the capsomer. The orientation of the patch is aligned with that of the oblate spherocylinder.
The beads of the polymer and the capsomer then interact vzz an attractive square-well interaction, plus
ahard-core repulsion between their respective cores. The pair interaction when particle 7 is a capsomer
and particle ; is a bead of a polymer chain is

cap-pol he sw,cap-pol
vl]-pp (rj, Q;) = vy (1, Qi) + vy PP (rj)g(ry, Q;), (2.6)

hc

b is the hard-core interaction

where v

. oo ifdy < (L+ap)/2
Uz'jc (rg, Ql') = (2'7)

0  otherwise,
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where dij is the shortest distance between the capsomer and polymer bead. The steps to compute this

distance are as follows:

1. Compute the projection of the polymer bead onto the plane spanned by the cylindrical core

of the capsomer: r]P =y — (g Q) Q,

(a) If rf o < /2 then the bead lies over the cylindrical core of the capsomer, so the shortest

o
l‘p K l.

distance vector between the two particles is then d,]» =r;— 1

(b) Otherwise, the closest point of the capsomer to the bead lies on its edge. The shortest

distance vector between the two particles is then d;j = r;; — (¢/ Z)f‘JP o

sw,cap-pol

The term v; is the square-well interaction between the patch on the face of the capsomer

and the polymer bead:

—Ecap-pol 1fd1] < (1 + 5cap-pol)0-

cap-pol
o PP (dy) = : (2.8)

0 otherwise

and g(r;;, Q;) is the angular modulation factor for the attractive capsomer-polymer interaction:

1 if cos (- Qi/ry) < 7/2
g(ry, Q) = (9)

0 otherwise.
2.5.9 MONTE CARLO SIMULATIONS

We carry out two sets of Monte Carlo simulations in the N7 ensemble using the model outlined
above. For both simulations, we set the volume to be V= 6000005, the reduced temperature to be

ks T/ Ecap = 0.12 (where kg is the Boltzmann constant, which is taken to be equal to one), and the
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number of polymer chains N,q)y = 30, with each polymer chain consisting of /,.1, = 150 beads. In
one simulation, there are N¢,p = 360 capsomers, and in the other, there are N, = 1500 capsomers.

We take o to be the unit of length and €, to be the unit of energy. We then choose the parameters
defining the system to be L = 0.50, dep = 0.2, 80 = 25°, ¢ = 25° x = 100y, 0 = 0.20,

Zb = 1.050’1,, Ecap—pol = 0.2€Cap, and SC = 0.30.

ap-pol

We carry out all Monte Carlo simulations with systems contained in a cubic box under periodic
boundary conditions, using the minimum image convention. Each capsomer is treated as a rigid body
for which the orientational degrees of freedom are represented by quaternions. The potential energy
is calculated using a spherical cutoff of 1.7¢, and a cell list is used for efficiency. Each Monte Carlo

cycle consists of I\ translational or rotational single-particle or cluster moves, chosen at random with

equal probabilities.
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“Did you ever observe to whom the accidents bappen?

Chance favors only the prepared mind.”

Louis Pasteur

The Role of Electrostatics in the Formation

of MS2 Coat Protein Scaffolds

In this chapter, I describe our experiments on the assembly of MS2 coat protein around wild-type
MSa2 virus. These experiments were originally intended to test the aggregation of wild-type MS2 virus
by charge screening from additional coat-protein dimers in Chapter 2, but something much cooler

happened!
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The work described in this chapter was conducted jointly with Kellianne Kornick and Amelia W.

Paine.

3.1 INTRODUCTION

Large icosahedral viruses like the herpes simplex virus (HSV) ** need scaffold proteins to assemble their
outer shell. This outer coat-protein shell protects the genome (and other structures) within the virus.
Unlike large viruses, small icosahedral viruses such as bacteriophage MS2 do not need these scaffolding
proteins to assemble and can spontaneously assemble a single coat-protein shell 7z vitro around their
native RNA#7. The existence of scaffold proteins is believed to be necessary for the assembly of large
viruses **. However, little is known about how viral capsids use scaffolds to assemble.

Simulations based on elasticity theory show that larger viruses will not form an additional layer
without a scaffold present®*. Instead, they assemble into viruses with smaller radii. It has also been
shown experimentally that the absence of VP19C and VP23 molecules (known to control scaffolding
in HSV capsids) results in the formation of smaller HSV capsids (7" = 7)**. These studies demon-
strate that a scaffold needs to be present for multiple layers of coat protein to form in certain viruses,
but they do not explain what causes these coat proteins to assemble in the first place.

In this study, we assemble MS2 coat protein around wild-type MS2 as a function of coat-protein
concentration in bufter with a neutral pH of 7. We then characterize the resulting structures us-
ing transmission electron microscopy (TEM), gel electrophoresis, plaque assay analysis, confocal mi-
croscopy, and dynamic light scattering (DLS). TEM and gel electrophoresis help us determine the size
and structure of the assembly products while plaque assays and confocal microscopy help us determine
whether the additional coat-protein layer covers the maturation protein of the wild-type virus. DLS
provides quantitative information about the size distribution of the assemblies. We measure the zeta

potential to estimate the charge on the outside of the wild-type MS2 and understand the electrostatic
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interactions. The combination of these methods shows that as we add coat protein, additional (or
multiple) capsid shells form around the wild-type MS2. We discuss the importance of electrostatic

forces as a potential driver for the nucleation and growth of these additional shells.

3.2 RESULTS

3.2.1 OVERVIEW OF EXPERIMENTAL APPROACH

Our experimental approach consists of combining so nM wild-type bacteriophage MS2 with purified
MS2 coat-protein dimers at concentrations ranging from 2.5 M to 20 #M (see Section 3.5 for full
details). Wild-type MS2 is known to have icosahedral symmetry with a triangulation number of 3,
178 coat proteins and an additional maturation protein known to assist in infection. This capsid
protects the native RNA genome. After mixing the wild-type MS2 virus and coat protein, we wait
10 min to allow assembly to occur. We then characterize the resulting assembly products with TEM,

gel electrophoresis, DLS, plaque assay analysis, confocal microscopy, and zeta potential analysis.

3.2.2 TRANSMISSION ELECTRON MICROSCOPY

First we determine structural information about the assembly products using transmission electron
microscopy. We negatively stain our sample to visualize the assembly products and characterize the
cross section. Surprisingly, we observe an additional layer of coat protein around the wild-type MS2
(see Fig. 3.1) at high protein concentrations. At concentrations below 5 M coat-protein dimers, we
do not see this additional shell form. Above 5 uM, we see that the coat-protein forms a conformal shell
around the wild-type virus.

One potential hypothesis for the formation of these additional shells is that the maturation protein
drives this process. To test this hypothesis, we perform the same experiments with MS2 virus-like

particles (VLPs) that do not contain the maturation protein. We assemble MS2 virus-like particles
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Figure 3.1: TEM images of negatively stained samples of wild-type MS2 particles mixed with varying coat-protein dimer

concentrations. At concentrations less than 5 M, we begin to see the formation of an additional coat-protein layer and,
in some cases, clusters of particles. The number of layers and clusters increases with increasing concentration.

(VLPs) as described in Section 2.5 by taking 50 nM concentration of purified MS2 RNA with 15 xM

concentration of MS2 coat-protein. As with the wild-type virus, we observe an additional coat-protein

layer around the assembled VLPs.

3.2.3 RESULTS FROM GEL ELECTROPHORESIS

We use agarose gel electrophoresis to further characterization the size and composition of the assembly
products. As in Chapter 2, we use both Southern blotting to detect the RNA and western blotting
to detect the coat protein. As a control, we stain wild-type MS2 (see Section 2.5.4). The gels show an
additional sharp band that corresponds to a larger size than the wild-type across all protein concentra-

tions. As we increase protein concentration, we begin to see a spreading of this additional band (see

Fig. 3.1).

3.2.4 RESULTS FROM DYNAMIC LIGHT SCATTERING

To quantify the sizes of the assembled particles, we use DLS with numerical inversion methods that

provide size distributions of our samples in both intensity and volume bases (See Section 2..5.5). In the
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100 nm

Figure 3.2: TEM image of a negatively stained sample of MS2 virus-like particles (VLP) mixed with 15 uM coat-protein
dimers. Again, we see the formation of an additional coat protein layer that forms around the VLP.

33



af Protein

P o A R el

Figure 3.3: Images of agarose gels used to characterize samples. We first stain the samples with ethidium bromide to
detect the RNA (top image) and then with Coomassie Blue R-250 to detect protein (bottom image). Lanes 1 (leftmost lane)
and 12 (rightmost lane) show a DNA ladder. Lane 2 shows a control sample of wild-type MS2 capsids. Lanes 4-6 and 8-10
show samples prepared with coat-protein dimer concentrations from 1.25 to 20 4M (lane 7 represented a concentration
of 7.5 M but there was a mistake in the preparation of the sample). An additional sharp band appears that broadens with
increasing coat-protein concentration.
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wild-type sample and in samples at coat-protein concentrations below s #M, we observe two peaks,
one corresponding to the size of wild-type particles and the other corresponding to much larger parti-
cles, perhaps dust or aggregates (see Fig. 3.4). The presence of the larger particles is evidenced directly
by the long-time delay in the autocorrelation functions. At coat-protein concentrations of 5 M and
above, we observe an additional shoulder at a size (about 40 nm) that is slightly larger than that of
the wild-type particles. In particular, we see two differentiated peaks at 15 M concentration, one at
24 nm and the other at 44 nm, though at 20 zM these peaks are not resolved.

We associate the larger peak with clusters of particles containing multiple layers seen in TEM (Fig.
3.1), such as the clusters of two wild-type particles enclosed by an additional layer of coat protein
shown in particle B of Fig. 3.1 at 15 M. These clusters would also account for the second band seen

in the gel electrophoresis measurements.

3.2.5 INFECTIVITY OF MULTI-SHELL CAPSIDS

To test if the additional protein layers fully cover the wild-type virus (including the maturation pro-
tein), we use confocal microscopy to image the binding of MSz to the F-pili of E. colz. We expect that
a particle in which the maturation protein is covered by an additional shell will not bind.

We mix so nM MSa2 labeled with Alexa Fluor 647 (AF 647) in assembly buffer (see Section 2.5)
with o, 5, 10, and 15 M concentration of MS2 coat-protein dimers. We wait 10 min to ensure shells
grow on the labeled wild-type virus. We then take 2 #L of the sample and mix it with 10 L of dilute E.
col? cells before imaging with confocal microscopy. Our raw confocal images show labeled MS2 bound
to E. coli cells, while the histogram-adjusted data shows the unbound MS2 particles (Fig. 3.5A). The
ratio of the intensity of the bound particles to the total image intensity yields the fuorescence fraction
ratio, which quantifies the binding efficiency. We plot the fluorescence fraction ratio as a function of
the concentration of coat-protein dimers added to the assembly reaction, and we observe that the ratio

decreases with increased concentration (Fig. 3.5B). This result suggests that the fraction of particles in
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Figure 3.4: Plots of size distributions of wild-type MS2 virus (top row) and of 50 nM MS2 wild-type virus mixed with varying
concentrations of coat-protein dimers (bottom five rows). The distributions are inferred from dynamic light scattering
measurements. The first column shows the size distribution on an intensity basis, the second column shows the size
distribution on a volume basis, and the third column shows the measured autocorrelation functions. The light grey peaks
in the distribution show the results from eight individual experiments. Dark gray peaks show the results inferred from the
average autocorrelation function. The autocorrelation function for each individual measurements is shown in light gray.
The diameter d corresponding to each peak is noted on each distribution.
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Experiment Zeta Potential ({)  Error (mV)

15 #M Coat Protein (CP) 6.97 mV +o0.23
wild-type MS2 -16.88 mV + 1.28
wild-type MS2 + 15 kM CP  -9.44 mV +o.12

Table 3.1: Table of zeta potential measurements of MS2 coat-protein dimers, wild-type MS2, and wild-type MS2 mixed
with 15 #M coat-protein dimers.

which the additional layer covers the maturation protein increases with increasing coat-protein dimer
concentration.

The confocal images quantify the fraction of particles bound to F-pili but not the infectivity, which
also depends on the maturation protein. To measure the infectivity we perform a plaque assay on
our samples (see Section 3.5 for details). We observe that increasing protein concentration results in
a decrease in the number of plaques that are formed (Figs. 3.5C and 3.6). The decrease in plaques
indicates a decrease in the overall infectivity, which likely arises because the additional shell prevents
the maturation protein from binding to the F-pili. The results of the plaque assays agree qualitatively

with the results of our confocal analysis.

3.2.6 ELECTROPHORETIC MOBILITY MEASUREMENTS

To test whether electrostatic interactions might drive the assembly of the additional coat-protein lay-
ers, we measure the zeta potential of the wild-type virus and the wild-type virus after the addition of
15 M coat-protein dimers (Table 3.1). We find that the wild-type virus carries a negative charge on its
surface, despite the RNA being fully encapsulated by positively charged coat proteins. Furthermore,
the addition of coat protein to the wild-type structures results in particles that still retain a negative

surface charge.
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Figure 3.5: Analysis of infectvity of wild-type MS2 and wild-type virus with added coat protein. A. Confocal micrographs
(raw images and histogram adjusted images to show individual pixels) of wild-type MS2 labeled with AF 647 mixed with
5 uM, 10 uM, and 15 uM coat-protein dimers (CP;). B. A plot of the F-pili fluorescence fraction (a measure of the ratio
of the number of particles bound to F-pili to the total number of particles). C. Photographs of a plaque assay of wild-type
MS2 (left) and wild-type MS2 added to 15 uM coat-protein dimers (right). There are more plaques (empty regions) in the
left image (wild-type MS2), indicating that the additional coat protein reduces the infectivity but does not eliminate it.

38



wild-type MS2 wild-type MS2 + 5 uM CP wild-type MS2 + 10 (M CP wild-type MS2 + 15 uM CP

Figure 3.6: Images of plaque assays done with 50 nM wild-type MS2 virus mixed with 0, 5, 10, and 15 #M concentration
of coat-protein dimers. We wait 10 min for assembly to occur. These experiments show a decrease in the number of
plaques, which indicates a decrease in the overall infectivity.

3.3 DiscuUssION

Overall, our measurements show that MS2 coat-protein dimers can form additional layers around
wild-type MS2. In addition, our experiments show that the assembly of these shells is likely driven by
electrostatic interactions between the coat proteins, which are positively charged, and the wild-type
virus, which is negatively charged. The formation of multiple coat-protein layers driven by electro-
static interactions has also been observed in 7% vitro experiments on cowpea chlorotic mottle virus
(CCMV)>'. However, these experiments were performed ata pH near the isoelectric point of CCMV.
In addition, CCMYV has been shown to fully shield the overall charge of the RNA at neutral pH>'. By
contrast, our experiments, which involve MS2 coat protein and MS2 RNA, are done at a neutral pH
of 7. Wild-type MSz2 is known to have a different isoelectric point (at pH = 3.9) than CCMV *# and
to contain less positively charged coat proteins *. Furthermore, the observation of a threshold protein
concentration (5 #M dimers) for the formation of additional layers suggests that these layers assemble
through a nucleation-and-growth mechanism, just as VLPs do *.

The formation of these additional coat-protein layers could reveal additional information about

the assembly pathway of the MS2 virus. Below, we discuss several hypotheses that may explain the
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formation of multilayer MS2 capsids. Our aim is to understand the most important driving forces
for the assembly of the shells, in addition to revealing a potential driver for scaffolding in virus self-
assembly. One hypothesis is that the maturation protein acts as a nucleation site. However, TEM
experiments with MS2 VLPs have shown that this is not the case. MS2 VLPs do not contain the mat-
uration protein*” yet at 15 M concentration of coat-protein dimers, we observe the formation of
additional layers around the VLPs (Fig. 3.2). Furthermore, multilayered wild-type particles are still
infectious, albeit to a lower extent than the native capsid, suggesting that the maturation protein is
not covered in all assemblies. Furthermore, we note that before adding coat protein to the VLPs, we
treat the VLPs with RNase, which would remove any excess RNA that, if unremoved, might help nu-
cleate additional layers. We therefore conclude that the assembly of the additional layers proceeds by
nucleation and growth and is driven purely by electrostatic interactions (Fig. 3.7). Compared to the as-
sembly of MS2 coat proteins around MS2 RNA, the assembly of MS2 coat proteins around wild-type
MSa2 capsids cannot involve specific RNA-protein interactions since the RNA is completely encapsi-
dated. Instead, the assembly is likely driven by the electrostatic attraction between the coat proteins,
which are positively charged, and the capsid, which is negatively charged. The negative charge on
the wild-type capsid may be a result of the encapsidated, negatively charged RNA being incompletely

screened 237

3.4 CONCLUSION

Our experiments show that electrostatic interactions drive the nucleation and growth of additional
coat-protein layers around wild-type MS2 viruses and MS2 VLPs. These results highlight the impor-
tance of electrostatics in the encapsidation process. Because the formation of additional layers does
not involve any specific RNA-protein interactions, it is plausible that the assembly of wild-type MS2

capsids and VLPs also relies on electrostatics to a larger extent than previously appreciated. Further-
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Figure 3.7: Diagram showing pathway by which multi-layer MS2 capsids form.

more, electrostatic interactions are a potential candidate for understanding how larger viruses drive
assembly around their scaffolds. A better understanding of how electrostatic interactions control nu-
cleation and growth of capsids may lead to more effective encapsidation in applications such as drug-
delivery*° and the fabrication of nano-materials'. One could imagine the usage of viral scaffolds to

form large VLP structures for applications in medicine and environmental science.

3.4.1 ACKNOWLEDGMENTS

We thank Amy Barker and Peter Stockley at the University of Leeds for initial stocks of MS2 and E.
coli cells. We thank Tim Chiang, Amelia Paine, Aaron Goldfain, and Danai Montalvan for helpful
scientific discussions. This research was partially supported by a National Science Foundation (NSF)
Graduate Research Fellowship under grant number DGE-1745303 and by NSF through the Har-
vard University Materials Research Science and Engineering Center under NSF grant number DMR-
2011754, by the National Institute of General Medical Sciences of the National Institutes of Health
under grant K99GM127751, by the NSE-Simons Center for Mathematical and Statistical Analysis of

Biology at Harvard University under NSF grant number 1764269, and by the Harvard Quantitative

41



Biology Initiative. This work was performed in part at the Harvard University Center for Nanoscale
Systems (CNS), a member of the National Nanotechnology Coordinated Infrastructure Network
(NNCI), which is supported by the National Science Foundation under NSF grant number ECCS-
2025158. The work was also performed in part at the Harvard University Bauer Core Facility. Any
opinion, findings, and conclusions or recommendations expressed in this material are those of the

authors and do not necessarily reflect the views of the National Science Foundation.

3.5 MATERIALS AND METHODS

Buffers were prepared as follows:

* Bottom agar: 3 g Tryptone; 0.3 g yeast extract; 2.4 g sodium chloride; 4.5 g agar; 300 mL Milli-

Q water

* Top agarose: 2 g Tryptone; 0.2 g yeast extract; 2.92 g sodium chloride; 0.9 g agarose; 200 mL

Milli-Q water

Other buffers are described in Section 2.5.
See Section 2.5 for details of virus growth, cultivation, and storage; coat-protein purification and
storage, RNA purification and storage, gel electrophoresis measurements and analysis, dynamic light

scattering measurement and analysis, and transmission electron microscopy.

3.5.1 WILD-TYPE AND COAT-PROTEIN BULK ASSEMBLY EXPERIMENTS

Wild-type MS2 at a concentration of 5o nM is mixed with varying concentrations of MS2 coat-protein
dimers ranging from 1.25 #M to 20 #M and left at room temperature (21 °C) for 10 min. The as-
sembled virus-like particles are then characterized using gel electrophoresis, DLS, and TEM, confocal

microscopy, plaque assay, and zeta potential.

42



3.5.2 ZETA POTENTIAL MEASUREMENTS

Zeta potentials are measured using a Malvern Zetasizer Nano. We prepare three 1 mL samples con-
sisting of (1) 15 uM coat-protein dimers, (2) so nM wild-type bacteriophage MS2, and (3) so nM

wild-type bacteriophage MS2 mixed with 15 M coat-protein dimers.

3.5.3 FLUORESCENT LABELING AND CONFOCAL MICROSCOPY

Wild-type MS2 was fluorescently labeled with Alexa Fluor 647 succinimidyl ester (Thermo Fisher
Scientific, #A37573). We incubated the virus for 1.5 hr in a 0.1 M sodium bicarbonate solution and
dye at a concentration of 1 mg/mL. The dyed MS2 was then washed with TNE bufter using roo-kDa-
MWCO centrifugal filters (Millipore Sigma, UFC100824) and stored at 4 °C.

To image binding of the virus to the host, we placed E. coli C3000 cells on a base-washed number 1
coverslip (Globe Scientific, 1419-10), and we added 2 «L of labeled MS2 particles to 1o xL of cells. We
placed a 2% agarose pad made with PBS bufter on top of the sample to immobilize the cells. Samples
were prepared with o, 5, 10, and 15 uM of added MS2 coat-protein dimers and imaged on a Leica TCS
SPF confocal microscope with a 63X water immersion objective (NA 1.2) and a 633 nm excitation

wavelength.

3.5.4 PLAQUE ASSAY

For plaque assays, we mix so nM wild-type MS2 with coat-protein dimers at o, 5, 10, and 15 uM. We
then dilute each mixture by a factor of 10°. We mix 200 ¢L E. coli into each of the diluted samples,
add 10 mL of top agarose and pour into a 9o mm by 17 mm cell culture plate (VWR, 10062-878)
containing 15 L of bottom agar. We let the plates cool for 5 min and place them upside down into an
incubator at 37 °C overnight. During this time, the E. co/i grows on top of the bottom agar. Simulta-

neously, the samples containing wild-type MS2 particles infect the E. colz and create a plaque (or hole)
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representing a single virus infection.
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A Phase Diagram of MS2 Virus
Self-Assembly

In this chapter, I describe experiments exploring the effects of RNA concentration, ionic strength, and
temperature on VLP assembly. Our goal is to create a phase diagram representing the morphologies
of MS2 VLPs in an attempt to understand the physics that governs the assembly pathways.

The temperature experiments done in this chapter were done in conjunction with Benjamin “Adam”
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Catching, Raul Andino, and Simone Bianco.

4.1 INTRODUCTION

Since the discovery of the tobacco mosaic virus in the late 1800s'?, an open question has remained:
how do simple RNA viruses assemble? Crick and Watson noted that many small viruses come in the
forms of rods and spheres®, an observation that raised the question of what physical constraints gov-
ern virus structure. They hypothesized, based on the apparently low amount of genetic information
in a virus, that the viral capsid consists of many copies of identical, small subunits. Casper and Klug
explained how spherical viruses could package larger genomes while still maintaining icosohedral sym-
metry, which allows the subunits to minimize strain in the capsid>*7. They introduced the concept
of quasi-equivalence, which describes a pattern of organizing subunits into pentamers and hexamers,
the number of which is related to the triangulation number 7. Experimental methods such as X-ray
diffraction and electron microscopy have verified many of the structural predictions of Casper and
Klug’>* 91738 However, they did not resolve the question of how these structures form.

The observation that certain viruses, such as bacteriophage MS2+7, can form virus-like particles
(VLPs) from their constituent proteins and RNA outside of the host cell shows that they self-assemble.
This observation has led to further studies that use 7z vitro measurements to understand the assembly
pathway of a virus. For viruses such as MS2 and BMV, it has been found that the pathway to assembly
is one that follows nucleation and growth, as discussed in this thesis*¢. Other studies have explored
the importance of protein-protein and protein-RNA interactions on the assembly pathway +4%3,
Here, we explore the effect of several variables that could affect the assembly pathway in MS2 that
include RNA concentration, ionic strength, and temperature.

Our goal is to build a phase diagram that captures the effects of these variables (in addition to coat-

protein concentration from Chapter 2) so that we can shed further light on the interactions and path-
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ways that control the assembly of MS2. We do this by mixing MS2 coat protein with MS2 RNA
under different conditions and characterizing the resulting assemblies with transmission electron mi-
croscopy (TEM), gel electrophoresis, and dynamic light scattering (DLS). As seen in chapter 2, TEM
provides structural information about the assembly products, gel electrophoresis provides qualita-
tive information about the size and composition, and DLS provides us with quantitative information
about the size. The combination of these methods allows us to characterize and confirm the assembly

products and, thereby, to create phase diagrams of MS2 VLP assembly.

4.2 REsuLTs AND DiscussioNn

4.2.1  RNA CONCENTRATION

As discussed in Chapter 1, simple RNA viruses such as MS2 consist of two components: RNA and
coat protein (wild-type MS2 also contains a maturation protein, which is not found in MS2 VLPs). In
chapter 2, we explored the effects that coat-protein concentration has on the assembly of MS2 VLPs.
In this section, we consider the role of RNA concentration. We combine 5 M MS2 coat-protein
dimers with varying concentrations of MS2 RNA ranging from 1o nM to 200 nM. For reference, a
well-formed MS2 VLP and wild-type MS2 virus have icosahedral capsids with a diameter of about
30 nm. The stoichiometric ratio of coat-protein dimers to RNA is 9o:1, corresponding to about
sonM RNA to s uM protein dimer concentration. After mixing, we wait 10 min to allow assembly
to occur, after which we add RNase to digest any excess RNA that is not encapsidated. We then
characterize the products using gel electrophoresis and TEM (see Section 2.5).

We take gel electrophoresis measurements of our samples and observe that at each RNA concentra-
tion there is a band that runs at the same position as that of the wild-type virus (Fig. 4.1). This result
suggests that well-formed capsids assemble irrespective of the RNA concentration. To confirm this

hypothesis we take TEM images of negatively stained samples and observe well-formed VLPs at all
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1kb RNA 1kb 1kb  Assembly products from 5 uM MS2 CP + dimers with RNA (concentration in nM) ! Kb
DNA + DNA DNA DNA

ladder  RNA MS2 RNase ladder ladder 10 30 50 80 100 200 ladder

Figure 4.1: Images of agarose gels used to characterize the assembly products of 5 uM MS2 coat-protein dimers with
varying MS2 RNA concentrations ranging from 10 nM to 200 nM. We first stain with ethidium bromide to detect the
RNA (top image) and then stain with Coomassie Blue R-250 to detect MS2 coat proteins (bottom image). Lane 1, 6, 7,
and 16 all contain 1 kb DNA ladders. Lanes 2, 3, and 5 show controls: MS2 RNA, wild-type MS2 virus, and MS2 RNA
treated with RNase. Lanes 9-14 show the assembly products of these experiments. We observe that with increasing RNA
concentration the particles that have assembled have the same size as the wild-type MS2 virus.

10 nM RNA + 5 yM CP 50 nM RNA + 5 yM CP 80 nM RNA + 5 yM CP 200 nM RNA + 5 yM CP

Figure 4.2: TEM images of negatively stained samples of assembly products of 5 #M MS2 coat-protein dimers at varying
MS2 RNA concentrations. At all concentrations of MS2 RNA we see well formed MS2 VLPs that resemble the wild-type
MS2 virus.
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RNA concentrations (Fig. 4.2). These results are interesting because well-formed VLPs assemble at
both sub-stoichiometric and super-stoichiometric concentrations of RNA. In the sub-stoichiometric
case, coat proteins are in excess relative to the RNA, but we do not see evidence that multiple nucle-
ation sites are forming on each RNA. At super-stoichiometric ratios, RNA is in excess relative to the
coat protein, but we do not see partial capsids form. These results show that at all concentrations of
RNA, the nucleation rate is slow in comparison to the growth rate, meaning that the RNA concen-
tration does not change the pathway. Only the coat-protein concentration controls the nucleation

rate.

4.2.2 JONIC STRENGTH

Whereas varying concentrations of protein and RNA affects primarily the kinetics of nucleation and
growth, varying the ionic strength allows us to explore changes in protein-protein and protein-RNA
interactions. To understand the eftects of these changes, we assemble VLPs by combining so nM MS2
RNA with 5 M coat-protein dimers in assembly buffer at varying concentrations of NaCl ranging
from 100 mM NaCl to 1ooo mM NaCl (see Section 2..5).

We use gel electrophoresis to characterize the size and composition of the assembly products (see
Section 2.5). We observe two bands at each concentration, one of which runs at the same position as
the digested RNA, and the other of which runsat about the same position as the wild-type virus. With
increasing NaCl, the band that runs near the position of the wild-type capsid shifts toward larger sizes
and broadens above 300 mM NaCl (Fig. 4.3). This result indicates that at salt concentrations above
300 mM, the assembly products contain VLPs that are larger than the wild-type MS2 virus. TEM
images (Figs. 4.4 and 4.5) show well-formed capsids at 100 mM and 300 mM NaCl, aggregates of
capsids at 6oo mM NaCl, and larger (micrometer-scale) aggregates at tooo mM NaCl. Gels indicate
that these large aggregates contain both RNA and protein. We therefore call them condensates.

To quantify the sizes, we perform DLS measurements that use numerical inversion methods to pro-
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1kb RNA 1kb
DNA + Assembly products from mixing 50 nM MS2 RNA with 5uM coat-protein dimers with NaCl (mM) DNA

ladder RNA  MS2 RNase 100 200 1kb 300 400 500 600 700 800 ladder

Ethidium Bromide RNA Stain

'Coomassie Blue R-250 Protein Stain

Figure 4.3: Images of agarose gels used to characterize assemblies formed when we mix 50 nM MS2 RNA with 5 uM
MS2 coat-protein dimers at NaCl concentrations ranging from 100 mM to 1000 mM. Lanes 3, 4, and 6 show the following
controls: MS2 RNA, wild-type MS2 virus, and digested RNA. Lanes 1, 11, and 20 contain 1 kb DNA ladders. Lanes 8, 9,
and 13-18 contain the results from experiments done at varying NaCl concentration. We observe a broadening of the
topmost band with increasing NaCl, indicating that larger structures are forming that contain both RNA and protein.

100 mM NaCl 100 mM NaCl

600 mM NaCl

1000 mM NaCl 1

Figure 4.4: TEM images of negatively stained samples of assembly products of 50 nM concentration of MS2 RNA mixed
with 5 uM MS2 coat-protein dimers at 100 mM, 300 mM, 600 mM, and 1000 mM NaCl concentrations. At lower con-
centrations (100 mM and 300 mM NacCl), we see well-formed MS2 VLPs. At higher concentrations, we see aggregates of
capsids. At the highest NaCl concentration, 1000 mM, we see large, disordered aggregates that resemble the condensates
seen in chapter 2.
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1000 mM NaCl 2

1000 mM NaCl 1

Figure 4.5: Higher-magnification TEM images of the structures formed at 1000 mM NaCL.

vide size distributions of the samples on a volume basis (see Section 2.5.5). At concentrations below
600 mM NaCl, we see evidence of particles that are the same size as the wild-type virus in addition to
what may be aggregates or dust (Fig. 4.6). At 6oo mM we observe that the secondary peak increases
in intensity, indicating that larger particles are being formed. At 1000 mM NaCl concentration, we
observe that both peaks no longer exist within the size range of well-formed MS2 VLDPs.

We associate the peaks at 6oo mM and 1000 mM NaCl concentration with the clusters of VLPs
and condensates seen in the TEM data (Fig. 4.5). These structures would account for the increase
in the size and broadening of the band seen in the gel electrophoresis measurements. These results
suggest that increasing ionic strength affects the overall size of the assemblies by screening charges,
leading to aggregation. However, we must still determine what components are aggregating and how
that aggregation affects assembly.

Ahypothesis for why clusters of VLPs form atintermediate concentrations of NaCl (above 100 mM

and below 1000 mM) is that the VLPs aggregate after the capsids fully assemble. Indeed, when we
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Figure 4.6: Plots of size distribution of wild-type MS2 virus and VLPs assembled in vitro as inferred from dynamic light
scattering. We show the size distribution on a volume basis. The light gray peaks indicate eight individual experiments.
We observe an increase in average particle size with increasing NaCl concentration.

50 nM RNA

1 kb +5 uM CP w/

DNA 50 nM wild-type MS2 with added NaCl (mM) 1000“mM N
ladder RNA  MS2 100 300 600 800 1000 @

Ethidium Bromide RNA Stain

Figure 4.7: Image of gel containing 50 nM wild-type MS2 virus in buffers containing 100 mM to 1000 mM NaCl. Lanes
2 and 3 contain controls for MS2 RNA and wild-type MS2 virus at 100 mM NaCl. In addition, lane 19 contains a control
for an MS2 VLP assembled in buffer containing 1000 mM NaCl. Lanes 1 and 19 contain DNA ladders. The remaining
lanes contain samples of wild-type MS2 virus at varying NaCl concentrations. We observe an overall increase in the size
of these particles, suggesting clustering or aggregation.
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Figure 4.8: TEM images of negatively stained samples of 50 nM wild-type MS2 virus in 1000 mM NaCl. We observe
clustering of the wild-type capsids.

subject wild-type MSz2 to increasing salt concentration, we see an increase in particle size in gel elec-
trophoresis experiments (Fig. 4.7). TEM images of wild-type MS2 at 1000 mM NaCl show that the
wild-type particles form large aggregates (Fig. 4.8).

Another hypothesis is that the RNAs themselves aggregate before the capsids fully assemble. To test
the possibility of RNA aggregation, we perform gel electrophoresis experiments on free MS2 RNA at
varying NaCl concentrations (see Section 4.4). We observe that the band corresponding to RNA shifts
to larger sizes with increasing salt concentration. This result is evidence of RNA aggregation. If RNA
aggregation were to happen before assembly or concurrently with assembly, we would expect that
aggregation would prevent capsids from growing to full size, leading to the formation of condensates
containing many partially formed capsids. The TEM images (Fig. 4.5) do show at least some partial
capsids, lending some support for this hypothesis. It is important to note, though, that changing the

ionic strength should affect both the nucleation and growth rates, and might even change the assembly
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50nm MS2 RNA with added NaCl (mM)
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Ethidium Bromide RNA Stain

Figure 4.9: Image of gel showing 1 kb DNA ladder (lanes 1 and 13), controls consisting of MS2 RNA (lane 2), wild-type
MS2 virus (lane 3), and MS2 RNA at NaCl concentrations from 100 mM to 1000 mM (lanes 7-11). The results show that
RNA aggregation may occur with increasing salt concentration.

pathway from nucleation and growth to ez masse assembly. What is clear is that charge screening
plays a strong role in the formation of the clusters and condensates, though it is not yet clear when the
aggregation occurs relative to when assembly occurs. A diagram of the potential assembly pathways is

given in Fig. 4.10.

4.2.3 TEMPERATURE

Next we explore the effect of temperature on the assembly. We know that E. coli cells grow well be-
tween 21 °C and 49 °C "' In these experiments, we combine 5 # M MS2 coat-protein dimers to sonM
MS2 RNA and wait 10 min for assembly to occur at temperatures ranging from 4 °C to 6o °C, after
which we add RNase to digest any excess RNA. We characterize the resulting assemblies using TEM,
gel electrophoresis, and dynamic light scattering.

Gel electrophoresis measurements (Fig. 4.11) show a band that runs at the same position as that
of the wild-type virus as we increase temperature from 10 °C to 32 °C and that increases in intensity
as temperature increases. At 32 °C, the band has the highest intensity. Above this temperature, the
primary band corresponding to the size of the wild-type MS2 virus decreases in intensity, and a sharp
secondary band appears at 37 °C. This secondary band continues to increase in intensity as the primary
band disappears. At 50 °C, both bands disappear and the samples do not appear to travel past the well.

TEM images (Figs. 4.12 and 4.13) show that at low temperatures (10 °C), the assemblies consist of
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Figure 4.10: Diagram showing how ionic strength might affect the pathways and morphologies of assembly. Top diagrams
show a pathway for assembly of well-formed VLPs at low NaCl concdentration (100 mM). Middle diagrams show a pathway
for assembly of clusters of capsids at 600 mM NaCl. Bottom diagrams show a pathway for assembly of condensates at
1000 mM NaCl. The images to the right of each diagram are transmission electron micrographs of negatively stained MS2

VLPs.
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1kb Assembly products from mixing 50 nM MS2 RNA with 5 uM coat-protein dimers at varying Temperature (Celsius) 1kb

DNA DNA
ladder RNA MS2 4 6 10 15 21 27 32 37 40 45 50 55 60 ladder

Figure 4.11: Images of agarose gels used to characterize assembly products at varying temperature. Lanes 1 and 20 show
a 1 kb DNA ladder. Lanes 2 and 3 show two controls: MS2 RNA (lane 2) and wild-type MS2 virus (lane 3). The other
lanes show the results of gel electrophoresis on samples assembled at temperatures ranging from 4 °C to 60 °C. One of
the most striking features of this gel is the increase in intensity of the lower band as temperature increases to 32 °C and
decrease in intensity above this temperature. In addition, we see a second band appear starting at 37 °C and disappear
above 45 °C. Above 45 °C the samples do not travel past the wells of the gel.

incomplete capsids and clusters of proteins that are not quite spherical but are approximately the size
of the wild-type virus (Fig. 4.11). As we increase temperature (between 21 °C and 40 °C), we observe
well-formed MS2 VLPs. At 5o °C, we see evidence of aggregation. Lower-magnification views of the
same samples show that samples between 21 °C and 40 °C are not aggregated (Fig. 4.13).

DLS measurements show a single peak at approximately the size of wild-type capsids for temper-
atures between 21 °C and 40 °C (Fig. 4.14). At low temperatures (10 °C), we see a single peak cor-
responding to large particles. Interestingly, gel and TEM data do not show evidence of such large
particles at this temperature. This discrepancy might be explained by weak aggregation of capsids or
partially formed capsids. Such weakly bound aggregates might fall apart in the gel. Finally at 50 °C,
there exists one peak corresponding to a size much larger than the wild-type virus. This result is con-
sistent with what is seen in the gel data (Fig. 4.11) and in the TEM data (Fig. 4.12).

Our experiments show that changes in temperature affect the overall structure of the MS2 VLDPs.

We attribute the formation of these structures to the many ways that temperature affects the coat
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Figure 4.12: TEM images of negatively stained samples of 50 nM MS2 RNA mixed with 5 uM MS2 coat-protein dimers
at varying temperatures (°C).

Figure 4.13: Lower-magnification TEM images of the same samples shown in Fig. 4.12.

57



Vol (%)
40
20
0

10 -C

21 - C

27 oC

32 -C

37 -C

40 -C

50 <C

100 10! 102 103 10*

Particle Size (nm)

Figure 4.14: Plots of size distributions of MS2 VLPs assembled in vitro at various temperatures from 50 nM free MS2
RNA and 5 uM concentration of MS2 coat-protein dimers. The distributions are inferred from dynamic light scattering
measurements and show the size distribution on a volume basis. The light gray peaks show the results of nine individual
experiments.
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protein, the RNA, and their interactions with each other. At temperatures above 32 °C, the sec-
ondary structure of the RNA becomes susceptible to additional changes in temperature**. Above
40 °C, complementary bases of the RNA are ruptured, causing the RNA to unfold* 8. Above 50 °C,
protein-protein interactions are also disturbed **. These changes in interactions and structure might
explain why we see multiple changes to the assembly products, particularly in the gel data (Fig. 4.11).
However, the most striking feature occurs at lower temperatures, where very few well-formed MS2
VLPs assemble.

At 10 °C, we observe structures that are approximately 30 nm in diameter but are not spherical
(or do not have icosahedral symmetry). These structures could be the result of partially formed MS2
VLPs that aggregate as a result of protein-protein interactions. Another potential hypothesis is that
these structures are evidence of a transition to an ez masse assembly pathway#°. In this context, the
coat-protein would decorate the RNA before reorganizing into well-formed capsids. It is possible that
at low temperatures, the timescale of our assembly reaction (10 min) is too small for the clusters to
organize into well-formed VLPs. Because variations in temperature change many interactions within
the system (both specific and non-specific), itis difficult to interpret what causes the formation of these
clusters. However, further characterization of the protein-protein and protein-RNA interactions as

a function of temperature might shed light on the formation of these structures.

4.3 CONCLUSIONS

Our experiments have shown that there are many parameters that affect the assembly of MS2 VLPs.
We have shown that MS2 coat protein and RNA can assemble into fully enclosed capsids that stick,
incomplete or en masse assembled capsids, and aggregates (Fig. 4.15). These results demonstrate how
varying the components (the RNA and coat protein) and varying the interactions (ionic strength and

temperature) can cause MS2 assembly to “go right” and “go wrong”. Our results illustrate the impor-
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tance of charge screening, which can lead to aggregation of capsids and possibly RN A with increasing
ionic strength. We have also shown that changing temperature can cause multiple changes in the

structure of the assemblies, likely due to changes in RNA or protein structure or both.
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4.4 MATERIALS AND METHODS

Buffers, materials, and characterization methods are described in Section 2.5.

6o



50 nM RNA + 10 yM CP:Dimers

Monsters

Full Capsids {2+ or 2

50 nM RNA + 15 yM CP Dimers

50 nM RNA + 5 uM CP Dimers
with.600 mM NaCL

Condensate

50 nM RNA + 5 uM CP Dimers
at32C

50 nM RNA + 5 uM CP-Dimers
at 10 C

< O Monsters i}
3 o Incomplete Capsids or En masse -
o e} D P :
o @ Condensates ey
£ [J Denatured/A fe ates @
815 [ ggreg
S ¢}
c
8 10 (0]
E O
8 5 .
8
T T T T \ 200 nm I i Incompl i
: & i e P 20 ———1 " Well-Formed Capsids complate Capsids
RNA Concentration (nM) 50 nM RNA + 5 uM CP Dimers
s 20 at50 C
=
3 =
w 20 (] = 200
g 5
= o
8 15 O 5 150
S ® % 10
c v
R O =
e o et
&
s . e m o % ° ° S
9
o
. ; : : : 0 ; : T — Aggregate
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Temparature(e C) Temparature(e C)
5 250 60
=
3 =
w201 @ = 00 %0 (]
@ - 5}
E 5 2 40 B
5151 @ g0 5
S | @ § [
€ £ 100 a
g 010 5 - E20{® [ ]
g (o) - &
U ® = 50 ® 0] ®
o o
8
T T T T T , 0 T T T T T , 0 T T T T T ,
0 200 400 600 800 1000 1200 0 200 400 600 8OO 1000 1200 0 200 400 600 800 1000 1200

lonic Strength (NaCl in mM)

lonic Strength (NaCl in mM) lonic Strength (NaCl in mM)

Figure 4.15: Phase diagrams of MS2 VLP assembly (bottom left) comparing coat-protein dimer concentration, MS2 RNA
concentration, NaCl concentration, and temperature. We observe 6 potential morphologies or assembly products that can
be explored (top right): well-formed capsids, monsters, condensates, capsids that stick, incomplete or en masse capsids,

and aggregates.
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Conclusions and Future Work: How to

Build a Virus and Potential Applications

Prior to this study, we had some understanding of how virus self-assembly (in particular MS2 VLP
assembly) can “go right.” The work in this thesis has demonstrated not only that there are many pa-
rameters that contribute to the assembly of well-formed VLPs, but that virus self-assembly can in fact

“go wrong.” In chapter 2, we showed that increasing coat-protein concentration changes the nucle-
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ation rate, resulting in multiple nucleation sites on the RNA and subsequent formation of monster
capsids and condensates. In chapter 3, we showed that MS2 coat proteins can assemble around wild-
type MS2 and MS2 VLPs at sufficiently high concentrations. The formation of these additional layers
appears to be driven by electrostatic interactions between the coat proteins and the pre-assembled cap-
sids. In chapter 4, we showed how other parameters such as RNA concentration, ionic strength, and
temperature affect the assembly products and found that there are many ways assembly can go wrong,
leading to the formation of fully enclosed capsids that stick, incomplete capsids, and aggregates. The
formation of many, though not all, of these assembly products can be related to a nucleation-and-
growth assembly pathway.

From these experiments, we now have an understanding of the various assembly products of MS2
RNA and coat protein. In addition, we have some understanding of the physics of how these param-
eters affect the assembly pathways. Knowing what drives these structures to form allows us to infer
what parameters are most important and eventually control that pathway. The work shown in chapter
4 in particular leaves a lot of room for further exploration into a phase diagram for MS2 VLP assembly

in addition to a deeper understanding of the physical principles that may govern virus self-assembly.

5.1 A PHASE DIAGRAM OF VIRUS SELF-ASSEMBLY AND BEYOND

5.1.1 FURTHER WORK WITH MS2

Another important parameter that we were unable to fully explore was viscosity and its impact on
MS2 VLP assembly. The viscosity inside of an E. colz cell (the native host of bacteriophage MS2) is
0.95 Pa-s35. We perform our experiments in assembly buffer (see Section 2.5) which has a viscosity of
0.001 Pa-s, similar to water. The inside of an E. co/i cell is much more viscous than water or buffer
and would therefore affect the dynamics of the coat-protein dimers and the RNA. We attempted to

explore the effects of increasing viscosity by assembling 5o nM MS2 RNA with s M concentration of
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Figure 5.1: Images of agarose gels used to characterize products of assembly at increasing concentrations of glycerol. We
stain first with ethidium bromide to detect the RNA (top image) and then stain with Coomassie Blue R-250 to detect MS2
coat protein (bottom image). Lanes 1 and 19 contain 1 kb DNA ladders. Lanes 2, 3, and 5 contain the following controls:
MS2 RNA, wild-type MS2 virus, and digested RNA. The remaining lanes contain 5 M coat-protein mixed with 50 nM
RNA at varying glycerol concentrations ranging from 0% to 99%.

coat-protein dimers (as we have done in Chapter 2 and Chapter 4) at varying concentrations of glycerol
(Fig. 5.1). The concentrations of glycerol ranged from o to 99% with concentrations between 95% and
99% having a similar viscosity to the cytoplasm inside an E. coli cell**. From gel electrophoresis alone
we were able to capture a change in the number and brightness of bands in the gel with increasing
glycerol concentration. These changes may be due to changes in the rate at which proteins arrive at
the RNA or in the rate at which the RNA folds. The results might eventually give insight into the
prefactor for the nucleation rate and might help us understand the rate of RNA folding as well.
There are many other experiments to be done to further explore the phase diagram in chapter 4
(Fig. 4.15). For example, measurements of the protein-protein and RNA-protein binding affinities as
a function of temperature might give insight into the assemblies observed at different temperatures.
Also, exploring other areas of our phase diagram by combining parameters would assist in determining
where phase transitions might occur. For example, we might vary both ionic strength and temperature

or other combinations of parameters to further explore this space.
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Although MS2 has been an model system to study VLP assembly, there are other viruses that have
not been studied to the same extent. Exploring other viruses (including human viruses such as HSV)
in a similar manner would allow us to compare phase diagrams between viruses and determine which
parameters are most important across many viruses. Such studies could lead to the discovery of general
principles governing virus assembly. In addition, these experiments could be helpful in choosing pa-
rameters for further simulations of these types of systems or assembling viral capsids for drug delivery

more effectively.

5.2 MS2 COAT-PROTEIN ASSEMBLY AROUND SCAFFOLDS

In chapter 2 we explored the effect that electrostatics have on MS2 coat-protein assembly around wild-
type viruses and showed that electrostatics play an important role in the nucleation and growth of a
conformal shell around a scaffold. Future work might focus on experiments that probe the effects
of ionic strength, which would help us understand the electrostatic interactions in more detail. In
addition, our discovery that wild-type MS2 has a negative charge that makes it potentially susceptible
to the formation of additional coat protein layers might make MS2 an ideal system to study viruses
with multiple coat-protein shells. Our experiments also lead us to believe that MS2 coat-proteins
may be able to nucleate and grow capsids on other negatively charged particles such as gold in the
same way that has been demonstrated with CCMV ®. With the knowledge from our MS2 VLP phase
diagram, we could also potentially produce MS2 VLPs 7%z vitro on fast timescales and at higher yields
for applications in medicine and environmental science.

Overall, the goal of this thesis was to learn about the conditions that promote virus self-assembly
and the ones that do not. And in turn we’ve learned about how viruses might build themselves using
nucleation and growth. We’ve learned that the coat protein (and the concentration) matters. We’ve

learned that ionic strength matters. We’ve learned that temperature matters. And we’ve also learned
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that the RNA itself might not matter as much, despite what previous studies have shown. With this
knowledge and studies that build upon it, not only should we be able to assemble VLPs more effi-
ciently, we might also be able to assemble more complex viruses from their basic components — the

way nature does.
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