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Viral Targeting of Host Hubs: Interactions between the Rabies Virus and LC8

Chapter 1

Introduction



Dynein Light Chain 1: More Than a Motor Protein Subunit

History and Overview

Dynein light chain 1 (LC8) has a long and often revised history. It was first described as a
component of axonemal dynein in 1982, where it was purified from Chlamydomonas reinhardii
The name LC8 is derived from this study, as the light chain migrated consistent with an 8 kDa
protein on an SDS-PAGE gel (it is actually 10 kDa). It has gone by various other names, such as
Dyn2 in yeast, Cut-up in Drosophilg dicl1 (dynein light chain 1), and PIN (protein inhibitor of
nNOS?, though it is no longer considered an nNOS inhibitor®). LC8 was purported to be simply a
component of axonemal dynein within cilia and flagella until 1995, when it was published that
LC8 is conserved in highly divergent organisms, including plants, which lack dynein*®. It is now
known that LC8 is present in all examined eukaryotes®, including plants, and is highly conserved
in sequence®. For example, the unicellular eukaryote Giardia lambliaencodes an LC8 that is 93%
sequence identical to human LC8, differing in only 6 of 89 positions. The presence of LC8 in
organisms lacking dynein suggests an additional function for the light chain.

LC8 also interacts with myosin Va’, another motor protein involved in intracellular
transport along actin filaments, as well as a variety of proteins demonstrably transported along
actin and/or microtubules®°. This led to a hypothesis that LC8 was acting as a cargo adaptor,
connecting the motor proteins to a wide variety of different cargoes!**4. In support of this idea,
structural analyses of LC8 indicate that it forms a stable dimer under cellular conditions, with an
association constant of around 80 nM*>!6, The dimeric structure creates two symmetrical binding
grooves, which in theory could allow LC8 to bind to both dynein and cargo concurrently.
However, the homodimeric nature of dynein and myosin Va, as well as the fact that there are 2
identical binding sites on the LC8 homodimer, suggested that LC8 was instead facilitating dynein
dimerization'’. Further studies demonstrated that there is a significant pool of cytoplasmic LC8
not associated with motor proteins®é, while structural and thermodynamic analyses indicated that
LC8 bound to both chains of the dynein intermediate chain contemporaneously (Figure 1.1A)°20,
In another experiment, a synthetic peptide capable of binding LC8 was attached to a fluorescent
label and examined for localization with LC8 and dynein. Although the peptide bound to LCS8,
and a pool of LC8 was localized with dynein, these were separate pools, suggesting that LC8 does

indeed have functions irrespective of dynein®.
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Figure 1.1: The dynein light chain 8 structure and interactions.

(A) The dynein intermediate chain complex is composed of two copies of each: IC, LC7, TcTex,
and LC8. Interactions between LC8 and IC take place at the dimer interface, where IC forms a j3-
strand upon binding (expansion). (B) Amino acid enrichment is shown for each position within the
LC8 binding motif, calculated from 79 known binder motifs on the LC8 database
(http://Ic8hub.cgrb.oregonstate.edu)??. Amino acid heights represent relative enrichment of amino
acids. (C) Domain architecture for Nup159, denoting the presence of 5 LC8 motifs within a short
region between the C-terminal coiled-coil domain, and the Phe-Gly repeat region?3.


http://lc8hub.cgrb.oregonstate.edu/finder.html

Structural studies on interactions between LC8 and the bicoid RNA-binding protein
Swallow are some of the first to suggest a role for LC8 outside of the dynein complex?*. Although
it was still unclear at this point, the Barbar lab noted that LC8 bound to IC and Swallow at the
same interface®. Additionally, LC8 seemingly stabilized the dimeric structure of both proteins,
by facilitating interactions at downstream self-association domains. On the cellular side, yeast
nucleoporin Nup159-LC8 interactions are an early example of LC8 function separate from motor
proteins. Nup159 is an essential structural component of the cytoplasmic face of the nuclear pore
complex (NPC)%, and is involved in nuclear export of preribosomes, as well as mMRNAZ?"%,
Interestingly, it contains five LC8 binding sites concentrated within a 100 amino acid stretch of
the 160 kDa protein?®. Oligomerization and phase separation of the NPC is facilitated by FG
repeats and a coiled-coil domain that flank the LC8 binding region (Figure 1.1C)*. Deletion of
the LC8 binding region inhibits dimerization of the Nup159 complex, and deletion of LC8 and
Nup159 complex components are synthetically lethal?®. On the other hand, deletion of the dynein
heavy chain did not show any synergistic growth retardation with Nup159 complex proteins. The
discovery of LC8 within the nuclear pore complex reinforced the hypothesis of LC8 as a
“molecular glue,”? “molecular Velcro,”®! or “dimerization engine”. In essence, LC8 functions
by sticking two monomers together and stabilizing the dimeric form of its partners.

As the number of LC8 binding partners increased (now with more than 100 described
interactions??), this hypothesis of molecule glue further evolved to define LC8 as a central hub
protein, involved in a wide variety of different cellular pathways®. However, despite a
preponderance of evidence, it is still quite common for papers to suggest that LC8 is a link to

dynein, and therefore a mechanism of transport3334,

LC8 Structure

There are 22 solution and crystal structures available for LC8 in the apo state, or bound to
various peptides?>*>44 LC8 forms a 21 kDa dimer in solution, and is only known to form a
monomer at low pH™. It is part of a unique fold family, and the dimeric structure contains two
five-stranded anti-parallel B-sheets (Figure 1.1A). Each B-sheet contains four strands from one
protomer, and one strand from the other protomer. On the opposite face of the dimer interface is a
pair of a-helices. Because the binding groove is localized to the dimeric interface, monomeric
versions of LC8 are inactive and incapable of binding to partners®.

LC8 interacts with an eight amino-acid recognition motif, also termed a linear motif (LM;

analysis and characterization of this motif is the basis of Chapter 3)?2. Sequences bound to LC8



form a single b-strand structure integrated into an LC8 antiparallel b-sheet®®. While there is some
variation in the binding motif, it is most frequently anchored by a TQT sequence®. The TQT

anchor is highly enriched among known LC8 partners and is therefore termed the “motif anchor”
(Figure 1.1B)*. Interestingly, the vast majority of LC8 binding partners are significantly enriched

in disorder, and almost all known interactions occur in so called intrinsically disordered regions®.

Intrinsic Protein Disorder

The unfolded state of a protein has often been considered as an intermediate on the path
to a folded and therefore functional conformation. However, within the past two decades it has
become apparent that protein intrinsic disorder, i.e. a lack of stable secondary or tertiary structure,
is of paramount importance for a wide variety of functions within a plethora of systems. It is now
estimated that approximately 30% of eukaryotic proteins contain intrinsically disordered regions
(IDRs) that are over 30 amino acids long*’. Interestingly, the fraction of disorder within the
proteome varies between domains of life, with 7% of residues within IDRs for archaea, 8% in
bacteria, 13% in viruses, and 20% in eukaryotes*®>C. IDRs are characterized by low sequence
diversity, an abundance of charged residues, and few hydrophobic residues, resulting in open and
highly flexible structures best described by an ensemble of conformations. For proteins
containing IDRs, known as intrinsically disordered proteins (IDPs), these regions confer a variety
of benefits. Firstly, IDRs are highly accessible, meaning that they are ideal locations for binding
interactions or impactful post-translational modifications*’. Secondly, the flexibility in IDRs
allows a protein to form a variety of conformations, avoiding undesirable steric clashes and
conserving entropy®L. Thirdly, due in part to their highly charged physiochemical properties, as
well as the abundance of short linear motifs, disordered regions are much more promiscuous in
their binding interactions, and greatly facilitate the formation of large, complex assemblies®**2,
Finally, while ordered proteins are greatly constrained by the requirement for residues that
conserve their 3-dimensional structure, disordered proteins are under no such pressures. They
therefore display much higher mutation rates, providing an efficient means for evolutionary
adaptability®*.

These functional benefits have led to the presence of IDPs within essentially all cellular
pathways and compartments; however, they are most commonly found in signaling pathways®
and regulatory processes®, and are significantly enriched in the nucleolus, cell-cell junctions, and

cytoskeletal macromolecular complexes®. IDPs are also the dominant protein class for non-



communicable diseases®”*8, IDP misregulation or aggregation can result in Alzheimer’s disease,
associated with the beta-amyloid®® and tau proteins®®®?, or breast cancer, associated with
BRCA1/2%, Surprisingly, despite their prevalence and importance to biology, IDPs are perhaps
the most poorly understood system, mechanistically, in all of molecular biology. This is due to
inherent difficulties with structural characterization and restrictions in the available methods to
provide quantitative descriptions of dynamics/heterogeneity. Therefore, any studies on IDPs
require a combination of complementary methods in order to efficiently and accurately model
IDP conformational ensembles.

LC8 selectively binds to the disordered regions in other proteins in part because of the
increased accessibility of motifs within this region; however, that does not explain the benefit of
LC8 interactions for these multitudinous partners.

LC8 Function

There are more than 100 experimentally verified binary interactions for LC8?2. Partners
include a large number of IDPs performing multifarious functions, including intracellular
transport (dynein intermediate chain)?>% nuclear pore formation(Nup159)%, host-virus
interactions (rabies phosphoprotein)®, and transcription (ASCI1Z)%7-5°. Additionally, LC8 is
highly expressed across a wide variety of cell types™, and LC8 and its partners are broadly
distributed within individual cells (Figure 1.2) 2™, Studies on the precise importance of LC8 in
various cellular functions have been hampered by the fact that LC8 knockouts are lethal, leading
to mortality in mice early in embryogenesis from incomplete embryonic turning, and severe
neural tube and cardiac defects’2. Comparable experiments in Drosophila melanogastend
Caenorhabditis elegansere also embryonically lethal, or led to severe pleiotropic effects’ ™,
Fortunately, recent work by King et al’® has succeeded in generating a limb bud mesoderm-
restricted conditional knock-out of LC8, resulting in the first available animal (and cell-line)
model. Although these cells have not been thoroughly studied, preliminary analyses indicate that
knockouts of LC8 lead to impairments in the Hippo signaling pathway’?, amongst other things.
This is consistent with previous data suggesting a strong enrichment in LC8 binding proteins
within this pathway . Future work will take advantage of these cells and model organisms to

acutely understand the role LC8 plays within different pathways.
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Figure 1.2: LC8 and its binding partners display broad cellular localization.

(A) Localization information derived from the COMPARTMENTS program demonstrates that
LC8 binding partners are localized to all cellular compartments. (B) Live HelLa cells stably
expressing LC8-GFP (green) were transiently transfected with the focal adhesion marker TagBFP-
paxillin (blue) and the nucleus marker dsRed-tagged histone H2B (red). The top view images
shown on the left represent an optical section located next to the coverslip. LC8-GFP is present
throughout the cell, but forms puncta at the cell cortex.

The fact that LC8 is active in a variety of unrelated pathways led to the hypothesis that
LC8 acts as a central “hub” protein®2. Unlike most proteins, which have a small number of
interaction partners, hub proteins sit at the center of highly complex interaction networks’. Hubs
are typically classified as either static (or “party” hubs) and dynamic (or “date” hubs). Party hubs
bind a large number of partners simultaneously at different sites, for example BRCA277, while
date hubs typically bind to linear motifs within IDRs, and have multiple partners that compete for
the same site’®7°. Well-known examples of date hubs include the calmodulin and 14-3-3 proteins
8082 |C8 also falls into this category. A description of some defining features for linear motif-
binding date hubs, particularly LC8, is the subject of Chapter 4.

LC8 is non-enzymatic, therefore its role in complex assembly is purely structural. There
are three different structural roles that LC8 plays within the area of macromolecular assembly.
These roles are outlined in Figure 1.3. Known examples include situations where LC8 pulls two
partner protomers together and facilitates dimerization via a downstream self-association domain
(as in dynein)'"283 or coiled-coil (as in the protein swallow)?4# |t can also act as staples, by

binding to multiple sites on a partner (as in Nup159 or Chica)**%. There are no known instances



of it binding to two different sequences or binding out of register in multivalent binding
interactions. Regardless of the structural role, LC8 always stabilizes its partners and facilitates
their interactions with downstream partners®:8586,

It was first noted in 2000 that LC8 was appropriated by the rabies virus for an unknown
function®®’, Since then, there have been a steadily increasing number of viruses reported to
hijack LC8, such as the human immunodeficiency virus®, the African swine fever virus®, the
Ebola virus®, the human papillomavirus®, and the porcine circovirus®. It was common for these
studies to predict a role for LC8 in intracellular trafficking of viral components through dynein®;
however, work on the rabies virus demonstrated that there were no direct links between the virus,
LC8, and dynein®. Further description of this interaction, as well as an examination of the role
for LC8 in the rabies virus infection cycle is the subject of Chapter 2.

LC8 Feedback Regulation

One of LC8’s most interesting traits is its ability to self-regulate its intracellular
concentrations via direct interactions with the transcription factor ASCIZ (ATMIN-Substrate
Chk-Interacting Zn?* finger)%8%%, The human version of ASCIZ is an 88 kDa protein that,
astoundingly, contains 11 different LC8 recognition motifs located within its disordered C-
terminal tail®. In vivoknockouts of ASCIZ display a phenotype remarkably similar to that of
LC8 knockouts (i.e. death during embryogenesis with severe developmental defects)®”729, with
the main difference being a slight attenuation in the deleterious effects (late embryogenesis death
as opposed to early embryogenesis). This suggests that the main cellular role for ASCIZ is to
regulate LC8 concentrations’?.

Although ASCIZ encodes 11 LC8 binding motifs, biophysical analyses of the ASCIZ-
LC8 interaction identified multiple stable complexes, including a fully occupied and a partially
occupied state®. In vivoexperiments demonstrated that overexpression of LC8 leads to a decrease
in its own transcription via an ASCIZ-mediated pathway®®. Taken together, these data suggest
that ASCIZ acts as a sensor of LC8 concentrations, and regularly adjusts transcription of LC8 to
fit the cell’s needs. We believe that this self-regulatory pathway is particularly important for

linear motif-binding date hubs like LC8, and expand upon this idea in Chapter 4.
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Figure 1.3: Structural roles of LC8 interactions.

Interactions between LC8 dimers (green) and partners lead to stabilizing changes in partner
proteins. Many partners have a self-association domain or coiled-coil region proximal to the LC8
motif, and binding by LC8 leads to formation of this structure. On the other hand, proteins with
multiple motifs in close proximity are sutured together by LC8 interactions, resulting in a more
rigid, ladder-like structure (as determined by Cryo-EM)®. Regardless of the type of structural
changes, the result is stabilization of a larger complex, often facilitating interactions with various
downstream binding partners via the bivalency effect (orange, purple, dark blue shapes).
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The Rabies Virus

History and Epidemiology

The Laws of Eshnunna are some of the oldest known writings in the world, dating back to
approximately 1950 B.C. They dictate that if a man owns a “mad” dog, and it bites another man
and Kills him, then the owner must pay 2/3rds of a mina in fines (estimates vary dramatically, but
this equates to 6 months to 4 years-worth of wages for a typical agricultural worker)®. This
suggests that even in ancient times, people were aware of the effectsof the rabies virus, and that
they knew the madness could somehow be passed from dogs to humans. In fact, the name rabies,
as well as the name of the rabies genus (Lyssaviru$ originated from the word for anger and
madness. Lyssa is classically the Greek primordial spirit of rage and frenzy.

Zoonotic pathogens, meaning those that can be passed across the species barriers, are
responsible for some of the most deadly and infectious diseases. They are also often significantly
more difficult to control than host-specific pathogens due to the unpredictability in their
transmission and their ability to escape into other species. The frequency with which they cross
the species barrier is highly variable, and some viruses, like the human immunodeficiency virus
(HIV), permanently adapt to a new host after zoonosis. Others, like the rabies virus, play jump
rope with the barrier and constantly move between host organisms. Although rabies is often
associated with either bats or dogs, any warm blooded animal can theoretically contract the disease.
There have even been cases of rabid seals and polar bears®. It is therefore logical that rabies would
interact with highly conserved proteins like LC8, which would be accessible in a variety of different
hosts.

Symptoms of a rabies virus infection are numerous. The more dramatic ones include
aggression, resistance to pain, paralysis, hypersensitivity, photosensitivity, hypersexuality,
insomnia, and hydrophobia (or a fear of water), which is thought to be unique to rabies®” %, These
vivid symptoms have cemented its place in the cultural mind and may have spawned the zombie,
werewolf, andvampire mythos (although this is pure conjecture)®®. It was once said that “if a man
could look at his reflection, then he is not rabid,” which may be the origin for vampires classically
not having a reflection®. Our long history with the virus has resulted in a correspondingly long
time researching it, and work by Louis Pasteur led to one of the earliest successful vaccines nearly
150 years ago®. Despite the fact that there is a very effective vaccine, as well as treatment options
via a post-exposure prophylaxis, there are still approximately 55,000 annual deaths from rabies?®,

This is due, in part, to the virus’s unusual transmission and infection cycle.
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The path the rabies virus (RAV) takes through the host can be broken up in 5 steps (Figure
1.4). 1) An infected mammal bites another mammal. The rabies virus is highly concentrated in
saliva and salivary glands during late phases of the infection, therefore the most common form of
transmission is via bite!®. 2) RAV enters the new host and localizes to exposed muscle cells.
Evidence supporting muscle cells as the primary site of infection comes from studies demonstrating
RAV interactions with a nicotinic acetylcholine receptor (nAchR) restricted to muscle cells*®-1%2,
3) RAV buds from muscle cells into the neuromuscular junction, and enters the peripheral nervous
system (PNS) at motor neurons!®. The virus is considered a ‘neurotropic’ virus, meaning it
preferentially moves through neuronal cells. 4) RAV is transported in a unidirectional, retrograde
fashion across the axons of neuronal cells, through the PNS and into the central nervous system
(CNS). During steps 2-4, infected individuals are completely asymptomatic, and RAV is non-
neurotoxic (does not kill neuronal cells) %1%, 5) Once the virion reaches the brain, there is a change
in viral replication and tropism caused by an unknown stimulus, leading the virus to radiate out
from the brain, and into peripheral motor and sensory neurons. Eventually, RAV is localized to hair
follicles, the heart, salivary glands, the tongue, adrenal glands, and the skin%-1%_At this stage, the
individual begins to show symptoms, which typically facilitate spread of the virus. For example,
the hydrophobia is caused by painful spasms occurring when the infected individual considers
drinking?’. This is believed to increase transmission, because virus in the salivary glands is allowed

to accumulate, rather than being washed away. The infection cycle then repeats.
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Figure 1.4: The rabies virus path of infection.

RAV infections begin with exposure of muscle tissue to RAV by an animal bite or scratch (1). The
virus proliferates in muscle cells (2), and infects the peripheral nervous system through
neuromuscular junctions (bottom inset, 3). Virions move through neurons via dynein-mediated
retrograde transport (top inset, 4), and upon reaching the brain, radiate out, infecting the entire CNS
and localizing to peripheral sensory and motor neurons (5). This figure has been adapted with
permission from,
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There is a huge amount of variation in the timespan of the transmission cycle, with reports
typically ranging from two weeks to two years®. There has even been one report of a 25 year
incubation period!®, The long incubation time, neurotropism, and non-cytotoxic nature of RAV
make it one of the rare viruses that can be treated via a post-exposure vaccination (prophylaxis);
however, the virus has a horrifying ~100% lethality rate in humans once symptoms arise.
Interestingly, it has been noted during autopsies of RAV victims, that their neuronal cells are still
functional, and the virus is beginning to be cleared. This suggests that their immune system
eventually responded, but too slowly®119, After RAV arrival at the CNS, there are no effective
methods of treatment. The previously proposed ‘Milwaukee Protocol’ method, i.e.inducing a coma
in an attempt to allow the host immune system to catch up, ended in failure!*1'2; however, this has
led to the realization that host immune suppression and carefully controlled viral replication are
imperative qualities for RAV lethality. Therefore, treatment will require an understanding of not
just the transmission cycle, but also information about the structure and interactions of viral

proteins.

Structure

The Mononegaviralesrder is made up of 5 families, with many relatively well known and
infectious viruses. These include the Ebola, measles, mumps, Nipah, vesicular stomatitis, and
human parainfluenza viruses. Viruses in this order are nonsegmented, meaning their genetic
material is on a single strand of RNA. They produce only 5-10 mRNA, including one that
encodes their own RNA dependent RNA polymerase (RdRp, labeled the “L” protein), and they
protect their genetic material by coating the RNA with many virally encoded nucleoproteins (N,
Figure 1.5A). A matrix protein (M) surrounds the ribonucleoparticle, and acts as a bridge to viral
envelope, containing trimeric glycoprotein (G). Additionally, many Mononegaviralewiruses
encode another essential noncatalytic subunit for the RdRp which is frequently referred to as the
phosphoprotein (P). In numerous Mononegaviralessuch as the Nipah virus, measles, and RAV,
P is also responsible for immune suppression via a direct interaction with host Signal Transducer
and Activator of Transcription 1 (STAT1)!23, In RAV, these essential roles in both immune
suppression and viral transcription/replication have made RavP a common target for studies,

revealing interactions with many host and viral proteins, including host LC8%#7.



14

A Glycoprotein (G)
505aa Lipid membrane

297 aa G,
RNA-dependent 2’1032“;); protein (M)
RNA-polymerase (L) Nucleoprotein (N)
2130aa 450 aa

B
Antileader Antitrailer
DR
Replication
Leader i T l Trailer

Transcription l

—_— P o—P o—p > o » mMRNA
—_— g o= > L mRNA
P Sy B GRNA

o—>
M mRNA
®—> pprNA
Leader RNA N mRNA

Transcript gradient

Figure 1.5: Rabies virion structure and transcriptional regulation system.

The rabies virus encode 5 proteins, present in the mature, bullet-shaped virion (A). The relative
concentrations of each of these proteins is regulated by the order in which they appear on the viral
—ssRNA genome (B). In between each gene is a short sequence where the polymerase complex
disengages, and then perhaps (or perhaps not) rebinds. This results in cellular concentrations of

rabies proteins decreasing as: N>P>M>G>L. This figure has been revised with permission from
114
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For RAV, replication and transcription of the viral genetic material is carried out by the
RdRp complex, composed of L+N+P+RNA. Interestingly, the concentrations of all five RAV
proteins (N, P, L, M, and G) are regulated at the transcriptional level, based on the order in which
they appear in the viral genome (Figure 1.5B). Protein encoded towards the 3’-end are therefore
more highly expressed than those towards the 5’ end (N>P>M>G>L). This decline in protein
concentrations is caused by an odd (and cool!) feature of the polymerase complex, where it
detaches from the RNA at each intergenic region, and may or may not reengage, resulting in
fewer transcripts of each gene as the complex moves more 5’4, Once a certain threshold of viral

M protein has been produced, the polymerase switches from transcription to replication®,

Rabies and LC8
The rabies phosphoprotein (RavP) contains the ‘TQT’ LC8 binding motif, and interactions
between RavP and LC8 have already been verified®®1. Incredibly, an in vivoexperiment that
deleted the LC8 binding motif in RavP resulted in a completely non-lethal virus (as compared to
100% lethality in the wild type virus)®2. Although the initial hypothesis was that LC8 was
important for intracellular transport of viral components via interactions between dynein and
LC8, this option was disproved by data suggesting: 1) transport still occurred in a dynein
mediated fashion, and 2) virions still travelled up from the inoculation point to the brain in
infected mice®®°2116 While it is clear that this interaction is important for virus virulence, there is
disagreement in the field concerning the role LC8 plays in RAV lethality. In one study, a group
used a minigenome system (luciferase gene under control of the viral polymerase complex) to say
that LC8 was not involved in viral transcription or replication®. However, this was an early
version of the minigenome system which lacked internal controls to account for differences in
cell concentrations and expression levels. In a second experiment, Tan et al® claimed that LC8
did play a role in viral transcription using gRT-PCR, which was unable to distinguish between
replication and transcription with their experimental design. A structural analysis of this
interaction, as well as an improved methodology to test LC8’s role in the polymerase complex, is
the subject of Chapter 2.

A recent paper by Bauer et all!’ revealed the presence of a potential LC8 binding site in
RavL. In this study, mutations to the LC8 binding site on RavL resulted in attenuated viral
reproduction; however, no experiments were run to verify a direct interaction, as opposed to an

abrogation in RavL structure. Moreover, the predicted LC8 binding site does not fit accepted
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criteria present in all other known LC8 sites?2. Chapter 2 also covers the role of the RavL motif in

LCS8 interactions.

Biophysical Techniques

Proteins containing a mixture of ordered and disordered domains are typically not amenable to
analysis by any single biophysical method. It is therefore important to use a wide variety of
techniques in combination to study protein structure. I was very ‘fortunate’ in that many of the
proteins | worked with were very poorly behaved, requiring me to have a good understanding of
diverse methods. Although | have used others during my tenure as a graduate student, the main
techniques presented in my thesis are those described below. | will only give a sentence or two
description of the method itself since much more detailed descriptions are available online, and
then | will describe their utility for my experimentation.

Isothermal Titration Calorimetry (ITC)

ITC is a technique used to measure interactions between molecules. Its basic premise is to
measure the heat given off or required for a binding event. This allows one to measure and/or
calculate a variety of useful thermodynamic parameters associated with the interaction, such as
change in enthalpy, or the dissociation constant (Kq). While this was somewhat useful for the
rabies project, it was essential for our ability to test binding between LC8 and a whole slew of
peptides (close to 70). In hindsight, perhaps a high-throughput method would have been
preferable; however, it was important for us to be able to reliably compare changes in enthalpy
upon binding of LC8 to various peptides in order to understand how variable the LC8 binding

interaction can be.

Circular Dichroism (CD)

CD takes advantage of the fact that certain molecules differentially absorb right vs. left-handed
light. For protein structural work, the great benefit is that various secondary structures (a-helices,
B-strands, and random coils) preferentially and differentially absorb right or left-handed light at
wavelengths between ~180 nm and 230 nm. This means that one can recognize the relative
contributions of each secondary structure to the final tertiary protein structure. | used CD to
determine the stability of my constructs, and their similarity compared to the full-length protein,

as well as to verify that there were very minor changes in secondary structure upon LC8 binding.
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Also, I'm fond of CD for its relative simplicity. If your sample is pure, what you see is what you

get, and what you get is what you have.

MultiAngle (Laser) Light Scattering/[ALLSor MALS

MALLS is a method used to determine the molecular weight of a protein/complex using relative
scattering of the molecule at different angles. In my work, this was used to determine the
multimerization states of RavP and the complex with LCS8.

SmallAngleX-ray Scattering $AXS$

Although I personally did not perform any of SAXS experiments (they were done via
collaboration with Marc Jamin), they were quite integral to our findings on RavP-LC8
interactions. SAXS uses elastic scattering of X-rays (at small angles) to provide information
about the shape, size, and density of a molecule of interest. In our case, RavP contains a large
amount of disorder and was therefore not amenable to crystallization of the full-length protein.
On the other hand, the size of the dimer (66 kDa) made NMR description at the high-resolution
level infeasible. SAXS is ideal in cases like this, where the protein is a mixture of ordered and
disordered regions, and when domain structures are available. In our case, we were able to
combine it with molecular dynamics simulations and NMR data to generate real ensembles for
RavP and the RavP-LC8 complex.

Nuclear Magnetic Resonance SpectrosddiViR)

NMR is our lab’s bread and butter. It uses radio waves in the presence of a strong
external magnetic field to excite various NMR-active nuclei. The magnitude of the
response, as well as the rate at which the excitation decreases, can provide a large amount
of insight into the physicochemical environment of a given nucleus. It is easily one of the
most effective methods for looking at disordered proteins, because it actually often gives
bettersignals for disordered protein regions, and it can provide information about
ensemble averages in addition to infrequently occupied states. For me, it was also useful
for the study of RavP-LC8 interactions, as RavP was surprisingly NMR-visible for a
protein of its size, due to its disordered regions. | also believe that reading and learning
about NMR is intellectually the most difficult thing I have studied over the course of my
PhD.
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Dissertation Contents

This dissertation contains three chapters of original completed work, as well as a
series of partially completed projects. Not included are two second author papers on
unrelated subjects. The first describes the importance of multivalency in IDP complexes,
using LC8 as a particular example system, and is published in FEBS Letter®. The
second describes the structure and interactions of the N-terminal portion of the
intermediate chain of dynein from Chaetomium thermophilurand is currently under
review at JBC'8, While these projects are not included in my thesis because they lack a
direct connection, they certainly impacted the way my research developed and represent a
significant investment of time, effort, and a corresponding intellectual growth.

Chapter 2 describes interactions between the rabies virus phosphoprotein and
LC8. This is an in depth structural analysis, and is linked to a variety of in cell
experiments that | was able to complete in France as a part of the Chateaubriand
fellowship. These data show that LC8 restricts the RavP conformational ensemble,
facilitating a structure conducive for efficient viral polymerase activity. This work is
currently under review at J. Mol Bia It also serves as a specific example of an LC8
interaction with a stable pre-formed dimer, and prepares the reader for the following 2
chapters, which are broader in scope.

Chapter 3 is a manuscript published in Life Science Alliancend looks at all of
the traits important to the ‘hub’ nature of LCS. In addition to describing LC8’s structural
characteristics, we also identify ~20 novel binding partners, and develop an algorithm
that can effectively predict additional LC8 interactions based on sequence alone. This
tool is available online, alongside a curated database of known LC8 partners. These data
greatly improve our understanding of LC8 and what makes it such an important hub
protein.

Chapter 4 is a “Perspectives” or an “idea” paper, which pulls together a wide
variety of details about hub proteins in order to describe some of their defining features,
such as their dynamic binding interface and self-regulation. We then proceed to describe

how viruses take advantage of the highly connected hub proteins in order to efficiently
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hijack hosts. While this is not currently published (planned submission to TIBSin
September), we believe that it will be a significant contribution to our understanding of
host-viral interactions.

Chapter 5 summarizes the key findings from the other sections. | also present a
wide variety of either partially completed projects, projects in early stages, or ideas that |

would consider pursuing if | were at the front end of my PhD rather than the finish.
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Chapter 2

The LC8-RavP Ensemble Structure Evinces a Role for LC8 in Regulating Lyssavirus
Polymerase Functionality

Nathan E. Jespersen, Cedric Leyrat, Francine C. Gérard, Jean-Marie Bourhis, Danielle Blondel,
Marc Jamin, and Elisar Barbar

Under review at the Journal of Molecular Biolgy, August 2019
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Abstract

The rabies and Ebola viruses recruit the highly conserved host protein LC8 for their own
reproductive success. In vivoknockouts of the LC8 recognition motif within the rabies virus
phosphoprotein (RavP) result in completely non-lethal viral infections. In this work, we examine
the molecular role LC8 plays in viral lethality. We show that RavP and LC8 co-localize in rabies
infected cells, and that LC8 interactions are essential for efficient viral polymerase

functionality. NMR, SAXS, and molecular modeling demonstrate that LC8 binding to a
disordered linker adjacent to an endogenous dimerization domain results in restrictions in RavP
domain orientations. The resulting ensemble structure of RavP-LC8 tetrameric complex is
similar to that of a related virus phosphoprotein that does not bind LC8, suggesting that with
RavP, LC8 binding acts as a switch to induce a more active conformation. The high conservation
of the LC8 motif in Lyssavirugphosphoproteins and its presence in other analogous proteins such
as the Ebola virus VP35 evinces a broader purpose for LC8 in regulating downstream

phosphoprotein functions vital for viral replication.
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Introduction

The replication and transmission of a virus is dependent on a multitude of interactions
between host and viral proteins. In general, proteins that are frequently co-opted by viruses are
key to viral growth or host defense. One such protein is the highly conserved hub LC8, which
binds to multiple viral partners. The rabies virus phosphoprotein®®’, the Ebola virus VP35, and
the human immunodeficiency virus integrase®®, represent a small percentage of the more than 100
proteins known or predicted to bind LC8 in a wide array of cellular systems®-%2, LC8 binds its
partners at a well-characterized and conserved recognition motif323864_ Intriguingly, a null
mutation in the LC8 binding motif of the rabies virus phosphoprotein (RavP) results in
completely non-lethal viral infections in mice, compared to 100% lethality for rabies infections
involving wild type RavP®,

The rabies virus (RAV) is a nonsegmented, negative-sense single-stranded RNA virus of
the Rhabdoviridagamily and Mononegairalesorder, which has afflicted humans since before
its first mention in the Codex of Eshnunna in 1930 B.C.%. Although the disease is preventable
with vaccination and treatable with a post-exposure prophylaxis, the virus has a nearly 100%
lethality rate once symptoms arise. Impressively, this rate is achieved with only 5 virally encoded
genes, including an RNA-dependent RNA polymerase (RavL), a nucleoprotein that encapsulates
and protects the viral RNA (RavN), and a non-catalytic phosphoprotein (RavP). RavP contains
an LC8 binding motif, and is essential for viral transcription/replication via interactions with
RavL and RavN as well as for host immune suppression by inhibiting host Signal Transducer and
Activator of Transcription 1 (STAT1)2-123 These essential roles make RavP an ideal target for
elucidating the importance of LC8 interactions with viral proteins.

LC8 is an 89 amino acid dimeric protein (Figure 2.1A) that is conserved in eukaryotes as
evolutionarily distant as Homo sapiensand Giardia lamblia. Its numerous binding partners
include the dynein intermediate chain®, the transcription factor ASCIZ®, and the tumor
suppressor p53 hinding protein®. LC8 recognizes a conserved 8-10 amino acid motif in
intrinsically disordered proteins (IDPs) and facilitates partner dimerization by forming a
tetrameric complex of two IDP chains and a folded LC8 dimer®2. While LC8 can accommodate a
wide variety of residues, binding sequences often contain a KxTQT motif, where X is a small,
hydrophobic amino acid®®. Amino acids within the LC8 binding motif adopt a B-strand
conformation, and are integrated into LC8’s central B-sheet (Figure 2.1A)%4 while segments

neighboring the LC8 site remain largely disordered. Interestingly, whereas previously described



23

LC8 partners are primarily monomeric until bound by LC8, RavP is a dimer in the absence of
LC8 with residues 90-133 corresponding to the dimerization domain'?*. The atypical
oligomerization state of RavP suggests that LC8 is required for some other function than to
facilitate dimerization.

The LC8 recognition motif is located within a disordered linker connecting the RavP
dimerization domain (DD) with the C-terminal domain (CTD), and contains the canonical “TQT”
binding motif (Figure 2.1B). Viral transcription and replication require that RavP imposes the
correct spatiotemporal arrangement on RavN and RavL at the N-terminus, and RavN~ A at the C-
terminus?®. Therefore, elucidating the structure of RavP and how it is modulated by LC8 is key
to understanding the viral replication complex.

In vivo, inhibiting LC8 binding to RavP does not stop viral infection and replication, but
rather limits it to levels that do not kill the host organism®. Here we show, via a minigenome
luciferase assay, that a loss of LC8 interaction leads to a 70% decrease in viral polymerase
activity. While it is clear that LC8 interactions with RavP are essential for rabies virus virulence,
the molecular basis for why this interaction leads to increased lethality is unknown. To help
address this question, we report here the high-resolution structural ensemble of the 90 kDa RavP-
LC8 complex using nuclear magnetic resonance (NMR), small angle X-ray scattering (SAXS),
and molecular dynamics simulations. We show that RavP is an IDP duplex, with two chains held
together by the DD, and separated from the CTD by a long disordered linker that allows for the
sampling of multiple conformations. LC8 binds tightly to a disordered linker adjacent to the DD,
effectively lengthening the DD and shifting the population of the ensemble towards structures
with more restricted CTDs, and affecting the mobility of both ordered and disordered domains
distant from the binding site. This effect of DD elongation on domain mobility and CTD
orientation could be a shared mechanism among viral phosphoproteins that bind LC8, such as the
Ebola virus VP35. We provide testable structural models that explain the consequences of viral

incorporation of LC8.
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Figure 2.1: LC8 and RavP colocalize in cells and form a tight complex in vitro.

(A) Representative crystal structure of an LC8 dimer (protomers shown in shades of red).
Partners bind along the noted groove and form a f-strand in each groove. (B) Domain
organization for RavP showing the dimerization domain (DD, PDB 3L32) and the C-terminal
domain (CTD, PDB 1VYI) in orange and green, respectively, as well as the predicted N-terminal
helix (NTH, grey). Interacting partners are listed below the domain architecture diagram. The
recognition motif for LC8 is underscored in red, and expanded above. Black lines denote
predicted disorder (Linkers 1 and 2). (C) Confocal analysis of representative HelLa-LC8-GFP
cells with RavP staining. (Top) Cells were infected with RAV-CVS11 at an MOI of 10 for 48
hours. Co-transfection of pTIT-RavN and pTIT-RavL with pTIT-RavP-WT (Middle) or pTIT-
RavP-AAA (Bottom) proceeded for 48 hours. P was stained with a rabbit polyclonal antibody
followed by incubation with Alexa-568 goat anti-rabbit IgG. White arrows denote the smaller
Negri body-like structures seen during transfections, which are magnified in the inset. DAPI was
used to stain the nuclei (Blue). (D) ITC thermogram for LC8 interactions with RavP, collected at
25 °C in 50 mM NaCl, 50 mM sodium phosphate, 1 mM NaNs, pH 7.5, and fit to a single-site
binding model. (E) Molecular mass of RavP and LC8-RavP complex measured by SEC-MALLS.
The lines show the elution profile monitored by refractive index (left axis) for RavP (black) and
the RavP-LC8 complex (red). The crosses show the molecular mass (right axis) derived from
MALLS and refractometry measurements. The molecular mass calculated for dimeric RavP is
70.7 kDa (black line and crosses) and the heterotetrameric LC8-RavP is 94.8 kDa (red line and
Crosses).
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Results

LC8 and RavP colocalize in cells and form a tight complex in vitro

The LC8 binding site on RavP was identified by deletion experiments %2 and homology
modeling % to correspond to amino acid positions 140-149, a region that contains a TQT motif;
however, no experimental characterizations of this interaction in cells or in vitro was previously
reported. Here, we demonstrate the co-localization of LC8 and RavP in both RAV infected and
RavP transfected cells. In infected cells, RAV forms large ribonucleoparticle inclusions known as
Negri bodies (NBs), which contain RavL, RavN, and RavP, as well as a variety of host proteins
127 NBs are sites for viral transcription and replication, and similar inclusions can be formed
from minimal transfections with RavN and RavP %7,

Using confocal microscopy, we show that LC8 is localized inside NBs in infected cells
(Figure 2.1C, Top). Additionally, transfection using only RavP, RavN, and RavL led to puncta
typical of smaller NB-like structures that exhibited colocalization between RavP and LC8 (Figure
2.1C, Middle). To verify that the colocalization represented a direct interaction, we made a triple
mutant of RavP where the TQT motif was replaced with three alanines (RavP-AAA). Although
transfections with RavP-AAA still led to NB-like inclusion formation, LC8 was no longer
localized to these regions, confirming that the TQT motif is the only site of interaction with LC8
(Figure 2.1C, Bottom). Additionally, this suggests that although RavP localizes LC8 to NBs,
LC8 is not essential for NB formation.

In addition to the cellular assays, ITC and multi-angle laser light scattering (MALLS)
show that LC8 binds RavP with an apparent 1:1 ratio (Figure 2.1D), and forms a complex with a
MW of approximately 95 kDa (Figure 2.1E), indicating that the dimeric LC8 (~24 kDa) binds
tightly to a RavP dimer (~66 kDa). Interestingly, the interaction between RavP and LC8 is among
the tightest yet described for a naturally occurring LC8 partner, with a Ky of 82 £ 8 nM (Table
2.1). Unlike most LC8 binding partners, RavP forms a stable dimer in solution, and therefore the
entropic cost of bridging two chains is already paid. The tight binding of LC8 to RavP is likely

due to the lower entropic cost of binding compared to other, primarily monomeric partners.
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Construct K4 (nM) AG (kcal/mol) | AH (kcal/mol) |-TAS (kcal/mol)
RavP-FL 81.6+8.1° -9.7+0.1 -15.2+0.4 55+04
RavP-N 295453 -10.2+0.1 -15.6+1.3 53+1.3
RavP-C 4190 + 289 -7.3+0.1 -18.8+ 0.5 11.5+0.5

Table 2.1: Thermodynamic parameters for LC8 interactions with RavP constructs.

2 Errors are calculated as the s.d. from 2 separate sample preparations or the errors in the fit,
whichever was larger. Fits to a single-site binding model gave a stoichiometry of 1 (one LC8
protomer to one RavP chain).

RavP construct design and domain structure

The high percentage of disorder in RavP makes it not amenable to study via
crystallography, leaving NMR as the only viable method for residue specific structural
information. NMR spectra of the 90 kDa LC8/RavP complex, however, show considerably
broadened peaks that are difficult to assign using standard NMR techniques. Additionally, the
large number of residues (297 amino acids per monomer) leads to significant peak overlap.
Therefore, to simplify the resonance assignment process, we created constructs containing either
the N-terminal half of the protein (RavP-N, residues 1-152), or the C-terminal half (RavP-C,
residues 140-297; Figure 1B, 2A). Both constructs include the LC8 binding site (residues 140-
149). RavP-N contains the DD and the RavL and RavN interaction sites'?!, and RavP-C contains
the STAT1 and RavNRM interaction sites'?®1?° (Figure 2.1B,2.2A).

Sequence analysis indicates that amino acids 135-155 are part of the disordered Linker 2,
and previous work has demonstrated that the DD and CTD are both independently folding
domains 3, justifying the design of smaller constructs that begin or end in the Linker 2 region.
The CD spectra of both constructs corroborate the predicted structure via the characteristic
negative ellipticity around 205 and 222 nm, indicative of both disordered and helical regions. The
summation of the CD spectra for the individual RavP-N and RavP-C constructs yields a spectrum
that matches one recorded for full-length RavP, indicating that these constructs collectively
contain the same amount of secondary structure as full-length RavP (Figure 2.2C). RavP-N and
RavP-C have similar number of residues (155 versus 158), but size exclusion chromatograms
show that RavP-N migrates closer to RavP-FL than to RavP-C. This demonstrates that RavP-N,
which contains the DD and the long intrinsically disordered N-terminal region, forms a dimer
with highly flexible linkers in solution, whereas RavP-C is a monomer with a shorter flexible tail
(Figure 2.2E).
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Figure 2.2: Structural analysis and assignments of RavP constructs.
(A) Domain organization for RavP-N (1-152) and RavP-C(140-297) constructs. (B) ITC binding
thermogram for RavP-N binding to LC8, collected at 25 °C in 50 mM NaCl, 50 mM sodium
phosphate (pH7.5), 1 mM NaNs, and fit to a single-site binding model. (C) Far UV CD spectrum
of RavP-N (grey), RavP-C (light grey), RavP-FL (black), and an additive spectrum for RavP-N +
RavP-C (dashed grey), showing the similarity between the constructs and the full length protein.
(D) ITC binding thermogram for RavP-C binding to LC8. (E) Size exclusion chromatogram for
RavP-N (grey), RavP-C (light grey), and RavP-FL (black) demonstrating that the full-length and
N-terminal constructs both migrate as dimers, while RavP-C is a monomer. **N,*H-HSQC spectra
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for RavP-N (F) and RavP-C (G) showing assignments. The spectra were acquired at 25 °C on a
700 MHz Bruker NMR spectrometer. (H) Secondary chemical shift values determined from Ca
and CB shifts, showing two long disordered linkers and a well-ordered CTD, consisting of a
mixture of a-helices and B-sheets. The structural organization shown above was obtained from
crystal structures of the CTD (PDB 1VY1) and dimerization domain (PDB 3L32), where
cylinders represent a-helices; arrows represent 3-strands, and dashed lines represent disordered
regions.

As with RavP-FL, we used ITC to determine binding affinities for LC8 with RavP-N
(Figure 2.2B), and RavP-C (Figure 2.2D). RavP-FL and RavP-N, which are dimers, have a much
higher affinity for LC8 than the monomeric RavP-C (81.6 nM, 29.5 nM, and 4190 nM
respectively; Table 2.1). The higher affinity for the dimeric constructs demonstrates the
contribution of bivalency to affinity, as described previously for LC8 binding partners®, and
shown here by the significant contribution of entropy to the difference in affinities (TASof 5.5

and 5.3 kcal/mol for RavP-FL and RavP-N respectively, compared to 11.5 kcal/mol for RavP-C).

Resonance aggnments of the 66 kDa RavP dimer

Backbone assignments of all observable peaks of RavP-N reveal that peaks
corresponding to the helical dimerization domain and the eight amino acids at the N-terminus are
not visible (Figure 2.2F), and that the observed peaks correspond largely to disordered regions.
Extreme peak broadening leading to complete loss of intensity has also been observed for the
dimerization domain of a closely related vesicular stomatitis virus phosphoprotein?®. RavP-C
spectra, on the other hand, show wide proton chemical shift dispersion, with a large number of
peaks in the 8-8.5 ppm region (Figure 2.2G), consistent with a protein containing both structured
and disordered regions. By overlaying the spectra for RavP-FL with those of the constructs, we
assigned 191 of 282 non-Proline residues (Figure 2.3A,B). The missing assignments are for
residues that have considerably broadened peaks: those within the dimerization domain (residues
87-137), near the C-terminus (residues 287-293) and at the N-terminus (residues 1-8).
Assignments were confirmed by overlaying HNCO spectra of the constructs with that of the full-
length protein. Secondary chemical shifts for RavP (Figure 2.2H; Sl Figure 2.1) identify the
folded CTD and two long disordered linkers (Linker 1, residues 9-86; Linker 2, residues 138-
190). Interestingly, there is no evidence for the N-terminal helix, predicted for positions 8-31 by
PSIPRED 3, This is in contrast to what is seen in the closely related vesicular stomatitis virus
phosphoprotein (VSVP), in which residues 2-16/25-31 show a helical propensity*®?. The
difference between RavP and VSVP is accurately recognized by the program Agadir®®, which

predicts significantly lower helical propensities for the N-terminus of RavP than VSVP. A



29

comparison of the NMR generated secondary chemical shift values to the known structure of the
CTD shows very strong agreement; however, it is of note that peaks from 14 residues that either
shift or disappear in RavP-FL compared to RavP-C, are primarily localized to a helix between
residues 247 and 253, suggesting some structural rearrangement of these residues in RavP-FL
compared to the monomeric CTD (Figure 2.3A-C). RavP-FL peaks that do not overlay with the
RavP-N peaks were not observed in 3D spectra, and were therefore not assigned. These peaks
presumably represent residues in the DD or the first eight amino acids.

Dynamics measurements and structural heterogeneity in free and LC8 bound RavP

Dynamics measurements for RavP-FL were determined using Ti, T, steady-state het-
NOE, peak intensity, and amide proton H/H exchange CLEANEX experiments (Figure 2.3E,
black). Due to peak overlap, heteronuclear NOE and CLEANEX experiments were collected
using an HNCO-based pulse sequence (SI Figure 2.2) in addition to the more sensitive HSQC-
based experiment necessary for observing lower intensity signals arising from the CTD. T
values do not show any variation within the linkers or CTD (average of 0.7 s for the linkers, and
approximately 1.0 s for the CTD). The longer relaxation time for the structured region is
expected for a large protein at 800 MHz field strength!®*. T, on the other hand, shows
heterogeneity in the linkers, suggesting multiple conformations (Figure 2.3E; Sl Figure 2.3). As
expected, T, values decrease for residues closer to the structured regions, and become too low for
reliable fits for the ordered CTD. Het-NOE experiments corroborate the disorder in the linker
regions, with values near 0.2-0.3. Despite relatively large error bars, HSQC-based het-NOEs for
the ordered CTD have values distinctly higher than those of the linkers, closer to 1, as expected
for folded proteins (Figure 2.3E). RavP-FL normalized intensities (Figure 2.3B) for CTD peaks
show greatly diminished intensities compared to the linkers. Ti, T, and Het-NOE data are further
analyzed using spectral density mapping®®. In this case, variabilities in the spectral density
function values, in particular Jo, support our conclusion that the linkers in RavP are likely in
exchange between multiple conformations on an intermediate timescale (Figure 2.3E; Sl Figure
2.3). For the CLEANEX experiment, which measures fast amide proton exchange with water,
peaks are observed only for amide protons that are readily exchangeable®®; therefore, higher peak
intensities identify residues that are most solvent exposed. Linker 1 residues are all visible in the
spectrum, but residues 55-70 show lower intensity peaks. Inthe CTD, peaks for residue 221 and
the C-terminal residue 297 are both visible. Residue 221 is part of the longest turn in the

structure, and residue 297 is disordered. Linker 2 peaks vary in intensity; residues 160-180 are
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either absent or much less intense, indicating some order. In summary, for free RavP, variations
in CLEANEX intensities, peak intensities, T, relaxation times, and Jo values (Figure 2.3) indicate
that the linkers are largely disordered, but have significant structural heterogeneity on the
microsecond to millisecond timescale. As a final measure of structural propensities within the
linkers, we collected *H->N RDCs, which can provide long-ranged information on relative
orientations of backbone bond vectors within the protein. While the CTD peaks are not visible
due to the substantially decreased peak intensities, Dy values for the linkers cluster around 0,
confirming that the disordered linkers are sampling many conformations with no significant
secondary structure (Sl Figure 2.3).

A comparison of HSQC peak intensities between free and LC8-bound RavP-FL reveals
peak attenuation for all residues within the LC8 binding motif (residues 140-149, Figure 2.3),
similar to other LC8 binding partners®%, Indeed, the only peaks that disappear in the HSQC are
those within the LC8 binding region, and there are no peaks that shift (Figure 2.3D,E). Carbonyl
chemical shifts reiterate these findings, and additionally show some peak disappearance between
residues 160-170. Further, RDC experiments indicate that *Dnn values for the linkers are
unchanged by LC8 interactions (SI Figure 2.3). To test the effect of LC8 on RavP-FL dynamics,
we collected the same experiments as above on the LC8-RavP complex (Figure 2.3). Ty, Tz, and
het-NOE values are largely unchanged; however, spectral density analyses suggest that the N-
terminus of Linker 1 is more restricted and undergoing slower exchange in the complex,
evidenced by the increased Jo in this region (Figure 2.3E). As expected, residues immediately
adjacent to the LC8 binding site have higher Jovalues, evincing more restriction in the complex.
Additionally, intensity ratios of CLEANEX values for residues 55-70, 140-180, and 221 in the
CTD are significantly less than 1. While we would expect this change at the LC8 binding site,
the long-range effects on the N-terminus of Linker 1 and the CTD suggest that they also decrease
in flexibility, but do not change in secondary structure, as shown by similar carbonyl chemical
shifts (SI Figure 2.2). Taken together, these data demonstrate that LC8 binding does not change
the secondary structure of RavP (aside from the binding site), but instead may impact domain

orientations and flexibility within the conformational ensemble.
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Figure 2.3: RavP NMR relaxation experiments.

(A) *H-"*"N TROSY-HSQC spectral overlay of RavP-FL (black) with RavP-C (green) and RavP-
N (orange) demonstrating the strong agreement in chemical shifts between the constructs and the
full-length protein. Peaks that shift between RavP-FL and RavP-C spectra are labelled in black,
and peaks that disappear or decrease in intensity are labeled in grey. Normalized intensities for
all three proteins are shown with the domain architecture in (B). (C) Crystal structure for the
RavP CTD (PDB 1VYI1) highlighting residues with peaks that shift in HSQCs for RavP-C and
RavP-FL (green). (D) BEST 'H-*N TROSY-HSQC for free (black) and LC8 bound (red) RavP-
FL collected at 800 MHz. Example peaks showing large attenuations in peak intensity are
labelled. (E, Top) Ratios of Bound:Free peak intensities, generated using the spectra shown in
(D). Error bars were calculated using the intensities of the baseline noise. Peaks that disappear
in the bound sample in (D) are marked by an *, and are localized to the LC8 binding site.
Relaxation times (T4, and T>) for free (black) and bound (red) are shown overlaid on the same
axis, as are Jo values from the spectral density analysis. Residues with fit errors greater than 25%
of their value are not shown. HSQC-based *H-*N NOESs (lsat/lunsat) demonstrate the difference
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between linker and CTD residues. The CLEANEX intensities (E, Bottom) for free and bound
RavP show regional differences, and were compared as a CLEANEX ratio (bound:free) in the
graph above. Note that LC8 interactions lead to decreased CLEANEX intensities from residues
55-70, and across the majority of Linker 2. The segments most changed by LC8-binding are
highlighted in grey.

Ensemble structure from SAXS and molecular dynamics simulations

To assess the effect of LC8 on RavP domain orientations, we performed SAXS
experiments on RavP and the RavP-LC8 complex (Figure 2.4A). The SAXS-determined
molecular weights of 69 kDa and 91 kDa for free and bound RavP are consistent with the
theoretical MW for a dimer (68 kDa with 6xHis tag) and a heterotetramer (92 kDa) respectively
(Table 2.2). The radius of gyration (Ry) calculated using the Guinier approximation for RavP-free
was 4.9 ° 0.1 nm, and 5.0 ° 0.1 nm for the RavP-LC8 complex (Figure 2.4B). Interestingly,
although the Ry values are approximately the same for bound and free, the Dmay is significantly
smaller for the complex (210 A for RavP and 173.5 A for the complex). This indicates that
although the structures occupy a similar volume on average, RavP-free can inhabit more extended
conformations (Figure 2.4C). The Kratky plots for both free and bound RavP are typical of a
multi-domain protein with flexible linkers (Figure 2.4D), presenting a maximum at low g values,
followed by a gradual decrease as q increases.

A mixture of structure-based models (SBM) and molecular dynamics simulations (MDS)
was used to create an ensemble to fit the SAXS profile. In classical MDS, the LC8-RavP
interaction was found to be stable over the course of the simulation. With the GAJOE program,
the number of conformers was decreased until an ensemble containing the minimum number of
structures to accurately fit the SAXS data was obtained. This led to optimized weighted
ensembles of five conformers each for RavP-free and the RavP-LC8 complex (Figure 2.4E-H).
The ensemble predicted SAXS scattering profile fit well to the data, with xeom values of 0.64 for
the RavP-free ensemble, and 0.49 for the complex. The Ry range for RavP-free and bound is very
similar in the selected ensemble, and both can access an extended (R; range 5-6.8 nm) and a
compact (Rgrange 3.5-4.2 nm) conformation. There are very few structures in the selected
ensemble with an intermediate Ry, indicating that there is a thermodynamic bias for the extended
and compact conformations. Interestingly, the gap between these two broadly defined
conformations is much more dramatic for the complex, signifying that some intermediate
conformations are prohibited in the presence of LC8. It is of note that the selected ensemble for
both samples has a strong enrichment for the compact structure when compared to the initial pool,

demonstrating the importance of the compact structure within the ensemble.
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Figure 2.4: SAXS data and selected ensembles analysis.

(A) Fitted SAXS profiles for RavP (bottom) and LC8-RavP (top). The experimental curve is
shown as a black line and the EOM selected ensemble as a red line. (B) Guinier plot for RavP (in
black) and LC8-RavP complex (in red). (C) Pair distribution function for RavP (in black) and
LC8-RavP complex (in red). (D) Kratky plot for RavP (in black) and LC8-RavP complex (in red).
(E) Radius of gyration distributions for the initial pool (grey) and EOM-selected RavP ensembles
(black histogram). Representative RavP models from the EOM are shown as cartoon with their
central dimerization domains colored in orange and their C-terminal domains in green. The
intrinsically disordered regions are shown in grey. The relative contribution of each model to the
EOM calculated SAXS profile is indicated as a percentage. The RavP selected ensemble is
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overlaid and aligned on the DD in (F). (G) Radius of gyration distributions for the initial pool
(grey) and EOM-selected LC8-RavP ensembles (red histogram). Representative models are
shown with LC8 in red, and overlaid in (H). (1) PRE intensity ratios of the paramagnetic
(oxidized) to diamagnetic (reduced) of MTSL labelled Rav-C261S free (black) or RavP-C261-
LC8 complex (red). Values are only shown for residues 1-196, as the CTD peaks were not visible
in this experiment. (J, Top) Ensemblator analysis of models generated via SBM and MDS for
RavP (black) and LC8-RavP (red). Models for each sample were compared in one group, with
automatic clustering turned off. Residues with a higher LODR in the complex represent regions
that are less restricted in motion when LC8 is bound to RavP. Lower LODR regions, on the other
hand, are those that are more rigidified within the complex ensemble. A comparison of the
differences is shown below. Note the large decrease in variability for residues in the LC8 binding
site (residues 140-149). Differences in the CTD, particularly in the loop containing residue 221,

are distal from the LC8 site and therefore unexpected. (K) VSVP ensemble overlay of 5
structures, adapted from Leyrat et al., 2012'2%, with conformers aligned using the DD.

RavP,* ‘

RavP, — LC8

Data collection parameters

Instrument ESRF—BM 29
Beam size at sample (uM) 700 x 700
Wavelength (A) 0.9919
qrange (A) 0.20-33
Detector Pilatus 1 M
Detector distance (m) 2.867

Time per frame (s)

2

Column 5200 increase 10/300 GL
Flow rate (mL.min?) 0.5
Injected sample concentration (mg.mL?) 8 9
Injected volume (pL) 500
Temperature (K) 293

Structural parameters

Rg (A) [from Guinier] 48.7 50.4

Rg (A) [from P(r)] 51.6 49.7

Dmax (A) 210 173.5

Molecular mass Mg (kDa) from Volume of 69 01
correlation
Calculated Mg (kDa) from sequence 68.4 935
1.45 (SBM), 1.01 (MDS), 0.64 0.67 (SBM), 0.50 (MDS), 0.49
EOM Xep
(SBM+MDS) (SBM+MDS)

Table 2.2: SAXS data collection and scattering-derived parameters.
2 Data processed with Primus/ScAtter.
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Weights for selected structures are shown by a percentage next to a representative
structure. A comparison of these weighted structures reveals that the CTDs of unbound RavP are
free to rotate around the DD, while the CTDs within the complex are kept in closer proximity to
one another (Figure 2.4E-H). Additionally, CTDs in the complex have a relatively fixed
orientation with respect to the DD, and the distance between the CTDs is the main distinction
between the compact (Ry 3.8-4.1 nm) and extended (5.1-6.8 nm) conformations in the complex.
The Ry gap between 4.1 nm and 5.1 nm may therefore represent the relative benefits of a slight
attraction between the CTDs versusan increased freedom of motion. Another interesting point is
that Linker 1 is often excluded from the CTD region in the bound complex, most likely because
the presence of LC8 creates a situation where there is no space for this linker.

In order to test this model, where LC8 interactions lead to increased proximity of the
CTDs to each other, and decreased proximity of the CTDs to Linker 1, we performed
Paramagnetic Relaxation Enhancement (PRE) NMR experiments by attaching an MTSL spin
label to C297. RavP contains two endogenous Cys, C261 on the surface of the CTD, and the C-
terminal residue C297 adjacent to the CTD. C261 was mutated to a Serine (C261S) to simplify
the PRE analysis. Effects of the mutagenesis were monitored by NMR, which indicated no
change in structure based on chemical shifts. In paramagnetic samples, CTD peaks were not
visible due to the innate broadness of the peaks, as well as the MTSL attached to this domain;
however, we were able to monitor the impact of labelling on the linker regions (Figure 2.41, Sl
Figure 2.3). Supporting the MS generated models, linker intensities are significantly lower in the
free RavP sample, particularly at the N-terminus of Linker 1, indicating that LC8-binding results
in the exclusion of Linker 1 from the binding region. It is not possible to verify from our PRE
data whether the CTDs are held in closer proximity in the complex, as those residues were not
visible in either spectrum.

To overlay and compare structures within the ensembles, we used the Ensemblator
program ¥ which has a built-in Locally Overlaid Dipole Residual (LODR) tool to evaluate
residue-level structural heterogeneity by comparing individually overlaid dipeptides (Figure
2.4)). In general, peptides with perfect alignment will have an RMSD of 0, and peptides that
show an approximately 180° rotation in the ensemble will have an RMSD of ~5 A. For RavP, the
Ensemblator recognizes the linkers as highly variable, and the domains as mostly static structures
(Figure 2.4J).

Although these models are independent from the NMR data, with the exception that the

linkers were modeled as disordered segments due to the near-zero ACa-ACP and *Dny values
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(Figure 2.2H, Sl Figure 2.3), they accurately recapitulate multiple findings from NMR. First, the
difference curve between RavP-free and the complex (Figure 2.4J) reveals a large stabilizing
effect on the LC8 binding site (Residues 140-149), consistent with the formation of a B-strand.
These peaks are missing in NMR spectra (Figure 2.3D) due to increase in ordered structure.
Additionally, the sole residue visible in the CTD in the CLEANEX spectrum (Figure 2.3E, G221)
is pinpointed in the models as the most variable portion of the CTD (Figure 2.4J). These data
lend credence to the models as a valuable source of information about the ensembles at the
residue level. With that in mind, examination of CTD residues reveals that changes are localized
to the ends of helices and the turn containing residue G221 (Figure 2.4J).

Conservation of modular structure and LC8 binding

Phosphoprotein (P) expression and function is conserved across viruses in the
Rhabdoviridaefamily**®. Previous work comparing Ps in the Mononegaviralesrder, which
includes the Rhabdoviridaglamily, has demonstrated that, although there is little sequence
conservation across families, Ps are consistently organized in a modular manner, with disordered
linkers connecting independently folding domains'®. In order to test if LC8 binding C-terminal
of the DD is also conserved, we scanned phosphoproteins from different genera in the
Rhabdoviridadamily, as well as different Lyssavirusesthe rabies genus), for potential binding
motifs. The LC8 motif in Lyssavirugphosphoproteins is stringently conserved (Figure 2.5A,B);
however, no phosphoproteins from other Rhabdoviridaegenera contain the motif (data not
shown).

We used a representative protomer from our RavP SAXS ensemble to map the various
conserved regions of the RavP sequence within the Lyssaviruggenus (Figure 2.5A). As expected
the structured DD and CTD are both relatively conserved (blue), while the linkers are generally
more variable (red and blue). Interestingly, within Linker 2 only the LC8 binding sequence is
conserved, indicating that there is evolutionary pressure selecting for this binding sequence.
Additionally, the N-terminal region of Linker 1 is highly conserved. This region contains binding
sites for L and N, which are both essential for viral proliferation®?!,

It is surprising that Lyssaviruseare the only genus within the Rhabdoviridaglamily to
appropriate LC8. One possible explanation for this is that Lyssavirugphosphoproteins have a
domain architecture distinct from other genera, which requires stabilization via LC8. Using
IUPred, we determined propensities for order and disorder in phosphoproteins across the different

genera in the Rhabdoviridagfamily (Figure 2.5C). The majority of genera displayed similar
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domain architecture, consisting of two disordered linkers (humps in prediction values) between
ordered domains. This suggests that LC8 interactions are not required for stabilization of the
RavP dimeric structure, but have instead evolved as an additional switch to regulate downstream
functions for RavP. Future work on the pathway(s) affected by LC8 binding can illuminate not

only the importance of LC8 for the whole Lyssaviruggenus, but also a key difference between

viruses within the Rhabdoviridaglamily.
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Figure 2.5: Phylogenetic and functional analysis of the Rhabdoviridae family and
Lyssavirus genus Phosphoprotein.

(A) ConSurf analysis of P proteins within the Lyssavirugyenus, with conserved residues shown in
blue, and variable residues shown in red. The LC8 binding sequence is highlighted, with example
sequences from viruses within the Lyssaviruggenus shown in (B). Residues in bold are amino
acids frequently present in LC8 binding partners. *Denotes sequences verified to bind LC8 ¥,
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Blue ovals denote approximate binding sites of known partners (see Discussion). (C)
Phylogenetic tree for phosphoproteins in different genera of the Rhabdoviridagamily. Genera
which show a different domain architecture were excluded from the analysis. Phosphoproteins
for representative viruses within each family were used for the comparison (see Methods).
Predicted order/disorder was calculated using IUpred2A’s long disorder analysis, where higher
values indicate a probable disordered region, and lower values indicate a structured segment (Y-
axis: 0-1, with a value of >0.5 denoting a predicted disordered region). X-axes are labeled by
residue numbers, and represent the entire phosphoproteins from representative viruses. (D)
Luciferase reporter assays for [FNa-treated Hek-293T cells (2,000 U/mL, 6 hours). Cells were
transfected with luciferase assay components, as well as a plasmid encoding RavP-WT, RavP-
AAA, or an empty vector control. (E) Luciferase expression from the RAV minigenome system.
BSR-T7 cells were transfected with either RavP constructs shown, as well as RavN, RavL or
RavL-AAA, and luciferase reporter assay components. All luciferase values are normalized to the
RavP-WT transfection, with error bars shown as the standard deviation from the mean for two
independent experiments, run in triplicate. A negative control is shown ((-) P), in which the RavP
plasmid was not transfected. (F) Predicted domain architectures for RavP, VSVP, Ebola virus
VP35, and Marburg virus VP35. LC8 sites are marked by red ovals.

LC8 is not involved in RAV suppression of the STilzédliated immune response

STATL1 is one potential downstream RavP binding partner that may be impacted by LC8
interactions. STAT1 plays an essential role in the innate immune response by regulating the
transcriptional response to Interferons (IFNs). During a typical innate immune response,
activated STAT1 translocates to the nucleus and binds to IFN-activated sequences within target
gene promoters, stimulating transcription of these genes. During a RAV infection, on the other
hand, RavP binds to cytosolic STATL, inhibiting STAT1 translocation and activity**®. Here we
use an IFN-meditated luciferase assay to probe the effect of LC8-binding to RavP on the
suppression of the host immune system. The exposure of HEK-293T cells to IFNa in control,
RavP-WT, or RavP-AAA transfected cells reveals that LC8 interactions do not affect the ability
of RavP to suppress STAT1 activity (Figure 2.5D). While control cells demonstrated a potent
response to IFNa, transfections with either RavP-WT or RavP-AAA containing plasmids

significantly suppressed this response.

LC8 is required for efficient polymerafictionvia interactions with RavP, but not via RavL
The presence of LC8 within the ribonucleoparticle inclusions (Figure 2.1C) potentiates a
role for LC8 in viral polymerase activity. In order to test this hypothesis, we used a minireplicon
system, wherein the viral polymerase components (RavP, RavN, and RavL) are transfected in
eukaryotic cells, alongside a luciferase reporter gene framed by the RAV 3’ leader and 5 trailer
sequences'®. Therefore the production of luciferase, measured via a luminescence assay, is

directly related to viral polymerase activity. A comparison of transfections using WT RavP or
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RavP-AAA shows that mutations of the LC8 motif lead to a 70% decrease in luciferase intensity
(Figure 2.5E). While these data suggest that LC8 is impacting polymerase activity, it is unclear
whether LC8 is directly facilitating viral transcription. One potential alternative is that a different
partner binds RavP in competition with LC8, e.g.binds to the same region of the linker.

To test for the presence of a competitive binder, in addition to the WT and AAA mutant,
we also deleted the LCS8 binding region (RavP A139-151), or replaced the full motif with a
disordered sequence of similar length (RavP-Dis). Figure 2.5E demonstrates that the complete
removal of the LC8 motif results in a decrease in luciferase intensity similar to that of the RavP-
AAA construct, while replacement with a random coil sequence leads to a partial, but incomplete
attenuation in signal (Figure 2.5E). It is interesting that mutation of a smaller region (RavP-AAA
compared to RavP-Dis) results in a larger change in luciferase signal. One possible explanation is
that there are proteins that compete with LC8 for a similar binding region of RavP. These proteins
may be able to bind in the RavP-AAA construct, but not in the RavP-Dis construct, resulting in
abrogated RavP-AAA localization or function.

Previous work has suggested that RavL also interacts with LC8, and that this interaction
is required for efficient polymerase activity*'’; however, this assertion was based largely on focus
forming unit assays, which do not directly measure polymerase activity. To directly test the
importance of the LC8 motif in RavP, we mutated the TQT motif in RavL to an AAA (RavL-
AAA), and performed a minigenome luciferase assay with RavP-WT, RavN, and RavL-AAA
(Figure 2.5E). These data indicate that the LC8 binding sequence in RavL is not important for
polymerase activity, as there is no statistically significant difference between these samples
(Figure 2.5E). Consistently, mutation of the LC8 site in RavP eliminates LC8 localization to
Negri Bodies (Figure 2.1C), suggesting that RavL is insufficient for LC8 recruitment to the sites

of viral transcription.

Discussion

RavP is an essential component of the rabies virus, as it interacts with RavL!?, RavN!?°,
RavNRNA 120123 ‘and a multitude of host proteins!®’. These interactions implicate RavP in many
diverse roles, including viral transcription, controlled replication, immune evasion?2% and
nucleocytoplasmic transport!#!, as well as host apoptosis/autophagy regulation4? and
mitochondrial dysfunction*. Prior research demonstrates that interactions between RavP and

LC8 are imperative for viral lethality®. Cell-based experiments indicate that LC8 may have roles
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in primary transcription®? and intracellular localization!**; however molecular level descriptions
of the role of LC8 in viral lethality have been hampered by the structural complexity of the multi-
domain, partially disordered RavP.

Here we show by CD, SAXS, MALLS, and NMR, that RavP is an IDP duplex composed
of two structured domains and two long disordered linkers. Linker 1 (residues 1-86) and Linker 2
(residues 138-191, connecting the central DD to the CTD) are highly dynamic on the nanosecond
to picosecond timescale (homogeneous T and het-NOEs), but have considerable structural
heterogeneity on the millisecond to microsecond time scale, demonstrated by the variable amide
proton solvent exchange, transverse relaxation rates, and Jo values (Figure 2.4E). Taken together,
these results suggest that the linkers are interconverting between disordered and partially compact
structures. While the structure of the CTD in full length RavP matches crystallographic studies on
the individual domain, the SAXS selected ensemble of the full length RavP emphasizes the
motional freedom available to the CTDs: either proximal (CTDs are essentially adjacent), or
distal (CTDs are on opposite sides of the dimerization domain). These multiple orientations
contrast with the homologous VSVP, for which the CTD conformations are primarily
proximal?®, while the N-terminal Linker 1 samples a wide range of conformations. Regulation of
these CTD orientations by LC8 is important for Rabies viral polymerase function, but not for

immune evasion via the STAT1 pathway (Figure 2.5D).

LC8 restricts dynamics of disordered linkers and ordered CTD

Using a wide variety of dynamics experiments that probe for small differences between
bound and free RavP, we demonstrate that LC8 binding to RavP does not change RavP secondary
structure, but rather alters the dynamics of Linkers 1 and 2, and rigidifies portions of the CTD.
The decrease in peak intensity within the LC8 binding site (residues 140-149) is typical for LC8
binding proteins, presumably due to formation of the interfacing (3-strand; however, long-range
effects on Linker 1, Linker 2 residues 150-180, and CTD residue 221, indicate that LC8 alters
dynamics outside of the binding site. Dynamic changes in the millisecond to microsecond
timescales are seen as decreased intensities in CLEANEX experiments, and dynamic changes in
the microsecond to nanosecond as increased values of Jo, most prominently for residues 10-40
and 150-160.

The linkers in RavP are the sites for interaction with a wide variety of proteins (Figure
2.5A) including the ribosomal protein L9, mitochondrial complex 1'*3, IRF-31%8, STAT11%,

RavNRNAZS PV and nuclear import and export factors#t. Additionally, a number of proteins
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bind RavP at unknown sites (e.g. BECN1 %2 and HSP90/Cdc37%), and may also depend on the
accessibility of these linkers. Therefore, the changes in linker dynamics upon LC8 binding may
lead to changes in binding interactions with downstream binding partners. There is indeed
evidence that LC8 binding causes changes in the nuclear/cytoplasmic localization of RavP4!,
suggesting changes in accessibility of nuclear import and export sequences within these linkers.
We have tested the impact of LC8 binding on two downstream interactions: the innate immune
response protein STAT1, and the viral polymerase components. While LC8 does not affect RavP-
STAT1 interactions, it does play a role in the polymerase complex by facilitating viral
polymerase activity. Further studies will determine how RavP interactions with LC8 affect other
downstream partners, particularly those that bind within the linkers.

LC8 elongates the RavP DD, facilitating CTD orientations conducive to transcription

Molecular dynamics simulations based on SAXS data, and supported by PRE
experiments, reveal that the CTDs are more constricted upon LC8 binding, resulting in a more
compact structural ensemble. A comparison of RavP to the vesicular stomatitis virus
phosphoprotein (VSVP), another member of the Rhabdoviridagamily that shares a common
domain architecture®®, suggests an intriguing new role for LC8 in the restriction of the
conformational ensemble, and potentially in the regulation of downstream interactions common
to both. In the VSVP ensemble the CTD is more restricted with respect to the DD (Figure
2.4K) favoring orientations where both CTDs of the dimer are constrained on one side of the DD,
similar to the LC8-bound RavP ensemble (Figure 4G,H), and different from the free RavP
ensemble (Figure 2.4E,F). Contributing to this difference is the longer dimerization domain in
VSVP, and the shorter linker 2. Interestingly, LC8-binding in RavP would result in a
dimerization domain that is lengthened to a similar extent as the VSV-DD, suggesting that the
lengthening of the DD restricts CTD domain orientation. Another difference is in the topology of
the peptide chains in the DD. In RavP, Linkers 1 and 2 extend from the same side of the DD,
resulting in steric hindrance between the N-terminal and C-terminal region. In VSVP the linkers
are on opposite faces of the DD. Our PRE data support a model where LC8 binding leads to
increased distance between Linker 1 and the CTD of RavP, resulting in linker localizations to
opposite faces of the central DD, similar to the native state of VSVP.

The striking similarity in tertiary orientations and CTD restriction between LC8/RavP
and VSVP suggests that LC8 binding facilitates a phosphoprotein function common between

VSVP and RavP. One common, essential P function is to connect the viral polymerase, L, to the
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nucleoprotein-RNA complex, NRNA during viral transcription and replication. It is proposed that
CTD binding N”NA could trigger some conformational change in NRNA| resulting in loosening the
grip of N on the RNA to allow the polymerase access to the RNA'?%, The polymerase requires the
cooperation of P to synthesize long RNA molecules and/or to scan intergenic regions during viral
transcription and replication. Two models have been proposed to explain how P assists the
polymerase in its motion along the template RNA: (i) In the first model, P remains attached to L
and walks along the N-RNA template with its CTD continuously and alternatively associating
with and dissociating from N4, (ii) In the second model, multiple P molecules are positioned
through their CTD at regular intervals along the N-RNA template, and the polymerase jumps
from one to another!*’,

Our data support a model for the replication complex in which both CTDs of a
phosphoprotein dimer must be oriented on the same side of the molecule for efficient activity of
the replication complex (Figure 2.6). In VSV, the architecture of P creates this situation in the
free protein, so that VSVP is fully functional in its free form. In RAV, the higher flexibility of
Linker 2 and the steric hindrance induced by the presence of the two N-terminal linkers in close
proximity of the CTD results in a situation where the CTDs are further apart in the free form of
the protein. LC8 binding would then be necessary to bring the CTDs in close proximity and to
stimulate the activity of the replication complex. Consistent with this model, our minigenome
assay has demonstrated that abrogation of the LC8-RavP interaction leads to a severe attenuation
in polymerase activity. We propose that RavP movement along the nucleocapsid is a rate-limiting
step in viral transcription and replication, and LC8 facilitates this process by restricting the CTDs
to a more ideal “walking” conformation (Figure 2.6). However, another possibility is that a
common orientation of the CTD could help RavP to release the RNA from adjacent RavN
molecules to provide RavL access to the RNA. Additionally, our minigenome data suggest that,
while LC8 directly affects polymerase functionality, there are supplementary factors at play such
as competitive binding between LC8 and a potential inhibitor of polymerase activity, evinced by
the three levels of polymerase activity: RavP-WT (fast), RavP-Dis (intermediate), RavP-AAA

(slow).
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Figure 2.6: Models depicting how LC8 binding facilitates polymerase activity.

In the absence of LC8 (right), the CTDs (green ovals) occupy both distal and proximal
conformations, leading to non-ideal movement of the polymerase along the RavNRN* complex.
When RavP is bound to LC8 (left), CTDs are forced into a proximal conformation, facilitating
polymerase movement along the RavNRNA complex and leading to increased polymerase
efficiency, evinced by the minigenome assay comparison of RavP-WT to RavP-Dis (Figure
2.5E). The two levels of polymerase activity shown above are: fast (left), when RavP is bound to
LC8 in the RavP-WT construct; and medium (right), when the entire LC8 motif in RavP is
mutated to a disordered sequence, as in the RavP-Dis construct.

In support of our dimer elongation hypothesis, it is interesting to note that an analogous
pair of related viral proteins, the VVP35s of the Ebola and Marburg viruses, show a strikingly
similar pattern in their LC8 binding sites. The Ebola and Marburg viruses are members of the
Filoviridae family, and are in the same Mononegairalesorder as RAV and VSV. The VP35
protein expressed in the Filoviridae family serves analogous functions to P, including suppression
of the host immune response and bridging the viral polymerase and nucleoprotein to facilitate
viral transcription and replication*®. While the Ebola virus VP35 is known to bind LC8, the
Marburg virus version does not contain the TQT motif necessary for LC8 binding (Figure 2.5F).
Additionally, the LC8-binding site occurs in precisely the region occupied by the Marburg virus’s
longer multimerization domain. This pair of examples may suggest that, while RavP and Ebola
VP35 can perform the same functions as VSVP and Marburg VP35 when bound to LC8, they
have some additional viral functions in their free form. We propose that the lengthening of the
dimerization domain, and subsequent restrictions in the CTD, allows RavP to switch between
selected conformations within the ensemble, affecting various downstream functions. The high
conservation of the LC8 motif within the Lyssaviruggenus, implies that LC8 performs an
important function not operating in other genera.

Previous work on 53BP1, an essential protein in the double strand break repair pathway,

has demonstrated the importance of an LC8 binding site adjacent to a self-association domain°.
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While only one multimerization region is required to form oligomers, both sites are required for
efficient localization and double strand break repair. These results parallel our own, and indicate
that LC8 extension of dimerization to restrict conformations of folded domains is a novel function
of LC8.

Perspective

We propose two potential functions for RAV incorporation of LC8. The first possibility,
directly stemming from our structural findings and supported by our minigenome luciferase
assay, is that the relative orientations of the two CTDs regulate viral transcription and replication.
The structural ensemble of RavP-LC8 is highly biased towards conformations where the CTDs
are oriented on the same side of the protein, as in VSVP. Efficient transcription and replication
may require the correct orientation of these CTDs. Second, as RavP has a complex interactome,
the LC8-induced dynamics restrictions could cause significant changes to the binding affinities of
many downstream partners; LC8 may provide a mechanism for spatial or temporal regulation of
these multifarious interactions. Structural, dynamics, thermodynamics, and minigenome data
presented here suggest that LC8 binding results in a combination of both of these possibilities,
nevertheless these models lay the groundwork for future innovative investigations in the LC8

viral infection-cycle.

Materials and Methods

Bacterial expressin constructs and protein production

RavP constructs containing the N-terminal region (residues 1-152, RavP-N), the C-
terminal region (residues 140-297, RavP-C) and full-length RavP (residues 1-297, RavP-FL)
were generated using PCR, and then cloned into a modified pET24d expression vector with an N-
terminal Hisg tag followed by a tobacco etch virus (TEV) protease cut site. LC8 was also sub-
cloned into a pET24d expression vector with N-terminal Hisg tag and TEV cutting site. RavP-FL
constructs with the TQT residues mutated to AAA (RavP-AAA), or the Cys at residue 261
mutated to a Ser (RavP-C261S), were generated using a QuikChange Lightning mutagenesis kit
(Agilent, Santa Clara, California). RavP constructs where the LC8 motif is either deleted (RavP-
A139-151) or mutated to a random coil sequence (RavP-Dis; 133RRSSEDKSTQTTGR151 A
133SDNSNQEEPDASLQ151) were generated using a Gibson assembly kit (New England Biolabs,

Ipswich, Massachusetts), with a bridging primer. DNA sequences were verified by automated
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sequencing. The recombinant vectors were transformed into BL21 Rosetta (DE3) cell lines for
protein expression.

Bacterial cells were grown in LB medium at 37 °C to an optical density (Aso) of 0.6,
followed by induction of protein synthesis with 0.5-0.8 mM isopropyl B-D-thiogalactopyranoside
for 8-14 hours at 25 °C. Labeled protein was harvested from cells grown in M9 minimal media
supplemented with *2C or *3C glucose and ®NH,ClI as the carbon and nitrogen sources. Cells
were lysed via sonication in 50 mM sodium phosphate at pH 8.0 containing 300 mM sodium
chloride, 1 mM sodium azide and 10 mM imidazole. The proteins were then purified by affinity
purification on TALON metal affinity resin (Takara Bio USA, Mountain View, California), and
eluted in 50 mM sodium phosphate at pH 8.0 containing 300 mM sodium chloride, 1 mM sodium
azide, and 300 mM imidazole. The Hisg tag was cleaved using TEV protease before final
purification on a Superdex™ 75 HiLoad (26/600, GE Healthcare, Chicago, Illinois) size
exclusion chromatography column in 20 mM sodium phosphate at pH 7.5 containing 150 mM
sodium chloride and 1 mM sodium azide. Protein concentrations were determined from
absorbance at 280 nm using molar extinction coefficients computed with the ProtParam tool on
the EXPASyY website!®,

Eukaryatic cell culture, transfection, and viral infection

HeLa Kyoto cells stably expressing LC8-GFP**! were a kind gift from I. Poser and A.
Hyman (Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany). The
cells were cultured in DMEM medium with 10% (v/v) fetal calf serum and with 1% (v/v)
penicillin/streptomycin.

pTIT plasmids 2 encoding RavL from RAV strain SAD-L16 (0.5 pg), RavN from CVS-
11 (1.5 pg), and RavP-WT/RavP-AAA from CVS-11 (1.0 pg) were transfected into HeLa-LC8-
GFP cells (2*10° cells) using Lipofectamine 2000 (Invitrogen, Carlsbad, California). These
plasmids were cotransfected with 0.5 pg of a plasmid encoding the T7 RNA polymerase, as
previously described*?’,
The challenge virus standard (CVS, French CVS 1151) strain of rabies virus was grown in N2A
cells. HeLa-LC8-GFP cells (2*10° cells) were infected with CVS at an MOI of 10, and collected

for fluorescent imaging at 48 hours post-infection.
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Minigenome laiferase reporter assay

We used the minigenome system as previously described**153 with slight modifications.
BSR cells stably expressing the T7 RNA polymerase (BSR-T7) were transfected with pRL-TK
(0.1 pg, encoding the control Renilla luciferase gene regulated by a thymidine kinase promoter),
pDI-Luc (0.8 g, encoding the firefly luciferase gene under control of the RAV polymerase), and
pTIT plasmids encoding RavL or RavL-AAA (0.33 ug), RavN (1 ug), and RavP-WT, RavP-
AAA, RavP-A139-151, or RavP-Dis (0.5 pg). Forty-eight hours after transfection, firefly and
Renillaluciferase activities were measured using a dual-luciferase assay kit as described by the
manufacturer (Promega, Madison, Wisconsin). The Renillaluciferase gene is constitutively
expressed at low levels, and provides an internal control to account for differences in cell
expression rates and concentrations. Therefore, our luminescence readings are a ratio of
Firefly/Renillaluciferase activity. Experiments were performed in triplicate on two biological
replicates.

| F Nwediated luciferase assay

In IFNa-dependent signaling assays, HEK-293T cells were transfected with pRL-TK
(0.75 pg), pISRE-Luc (2.5 pg), and pCDNA3.1 encoding RavP-WT, RavP-AAA, or an empty
vector control (2.5 ug)'®. Twenty-four hours after transfection, ‘activated’ cells were treated with
2,000 U/mL of human recombinant IFNa for six hours at 37 °C, while ‘non-activated’ controls
were not. Cells were then harvested, and firefly and Renillaluciferase activities were measured
using a dual-luciferase kit (Promega). Values displayed in Figure 2.5D are a normalized ratio of
activated to non-activated cells, and are the result of two biological replicates performed in

triplicate.

Immunofluorescence and confocal microscopy

Cells were fixed for 10 min with 4% paraformaldehyde (PFA) and permeabilized for 10
min with 0.1% TritonX-100 in PBS. Cells were incubated for 1 hour at RT with the rabbit
polyclonal anti-RavP antibody (Dilution of 1/1000) previously described **°, then washed and
incubated for 1 hour with Alexa fluor conjugated secondary antibodies (Thermo Fisher Scientific,
Waltham, Massachusetts). Following washing, cells were mounted with ImmunoMount (Thermo
Fisher Scientific) containing DAPI. Images were captured using a Leica SP8 confocal

microscope.
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Isothermal titration calorimetry

ITC experiments for the interactions of LC8 with RavP-N, RavP-C, and RavP-FL were
performed using a Microcal (North Hampton, MA) VP-ITC microcalorimeter at 25 °C in buffer
composed of 50 mM sodium phosphate, 50 mM sodium chloride, 1 mM sodium azide, 5 mM f-
mercaptoethanol, pH 7.5. In all experiments, an initial 2 pl injection was followed by 26
injections of 10 pul LC8 (300 uM) into 25 uM RavP constructs in the sample cell. Protein samples
and buffer were degassed before data collection. The data were processed using Origin 7.0
(Malvern Panalytical, Malvern, UK) and fit to a single-site binding model. The recorded data are
the averages of three independent experiments, with uncertainty reported as the standard

deviation from the mean or the error in the fit, whichever was greater.

Paramagnetic labelling

Purified RavP-C261S was labelled with MTSL (S(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate; Toronto Research Chemicals, Toronto,
Canada) at the sole remaining Cysteine, C297, as described in'*®. Briefly, SEC-purified, 100 uM
RavP-C261S was incubated with 10 mM DTT for 2 hours at 25 °C to ensure that C297 was
reduced. The sample was then buffer exchanged using a HiTrap Desalting column (GE
Healthcare) into an MTSL labelling buffer composed of 50 mM Tris, 100 mM sodium chloride, 1
mM sodium azide, pH 7.5. A stock of 50 mM MTSL in ethanol was added to RavP-C261S at a
15X molar excess (1.5 mM MTSL in 100 uM RavP-C261S), and labelling proceeded in the dark
at 4 °C for 16 hours. Labeled samples were then buffer exchanged into NMR buffer (50 mM
sodium phosphate, 100 mM sodium chloride, 1 mM sodium azide, 5 mM
ethylenediaminetetraacetic acid, pH 6.5) to remove any excess MTSL label, and concentrated to
150 uM RavP-C261S. LC8-bound samples were made by adding 1.8 mM LC8 in NMR buffer
directly to pre-labelled RavP-C261S at a molar ratio of 1.2:1 LC8:RavP-C261S. After
paramagnetic NMR spectra were collected, samples were reduced by the addition of 2 mM
Ascorbate (100 mM stock in NMR buffer), followed by a 2 hour incubation period to ensure

complete reduction before diamagnetic spectra were collected.

Circular dichroism
Spectra were recorded on a JASCO 720 spectropolarimeter using a 1 mm cell at a

concentration of 10 uM in 20 mM sodium phosphate, 1 mM sodium azide, pH 7.5, at 25 °C.
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Spectra for samples of LC8-bound proteins were collected using a 1:1 molar concentration of
binding partners. Difference spectra were obtained by subtracting the 10 pM LC8 spectrum from

the spectra of the bound form.

NMR measurements

NMR measurements were collected at 25 °C using 150 pM C/*N labeled RavP-FL,
RavP-N, or RavP-C in a buffer containing 50 mM sodium phosphate (pH 6.5), 100 mM sodium
chloride, 1 mM sodium azide, 5 mM B-mercaptoethanol, 5 mM ethylenediaminetetraacetic acid, a
protease inhibitor mixture (Roche Applied Science), 2,2-dimethylsilapentane-5-sulfonic acid for
'H chemical shifts referencing, and 10% DO (vol/vol). Experiments for the LC8-bound samples
were collected using a 1:1 molar ratio of 150 uM LC8:RavP construct. Band selective excitation
short transient (BEST) 'H-°N TROSY-HSQC spectra were compared before and after 3D
experiments to verify sample stability. Additionally, samples were checked for degradation using
sodium dodecyl sulfate polyacrylamide gel electrophoresis.

Backbone resonance assignments for constructs were determined using triple resonance
experiments, including HNcoCACB, HBHANH, HBHAcoNH, HNCO, HNCA, HNcoCA,
HNcaNNH, HNcocaNNH*%, and hCCcoNHs'™. These experiments were carried out on a Bruker
700-MHz spectrometer. Backbone resonance assignments for RavP-FL were determined from
comparison of HSQC spectra of the constructs with BEST *H-*N TROSY-HSQC spectra of
RavP-FL, and verified using a BEST TROSY-HNCO experiment collected on a Bruker 800-MHz
spectrometer.

Longitudinal (T1) and transverse (T>) relaxation times were determined at 800-MHz using
standard HSQC-based pulse sequences*®. T, measurements involved eight time points that
ranged from 20 ms to 1200 ms, and were collected as an interleaved experiment. The T,
experiments had nine time points ranging from 16.96 ms to 271.36 ms. All T and T, experiments
used a recovery delay of 2 s. Two-dimensional TROSY-based steady-state *H->N NOE
experiments were collected using a simultaneous recovery delay and saturation period of 6 s.
Additionally, a three-dimensional HNCO-based *H->N NOE experiment was used to measure
heteronuclear NOE values for peaks that overlapped in the two-dimensional experiment.

Phase modulated CLEAN chemical exchange (CLEANEX-PM) experiments were run
using Fast-HSQC detection on an 800-MHz Spectrometer at 25 °C, pH 6.5, and with a mixing
time of 50 ms**®, HNCO-based CLEANEX spectra were also collected for RavP-FL samples
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under the same conditions. A recovery delay of 1.7 s was used for the HSQC-based experiment,
and 2 s for the HNCO-based CLEANEX **°, All dynamics data were collected at 800-MHz.

Residual dipolar couplings were collected at 800-MHz for linker residues using the amide
RDCs by TROSY spectroscd®RTSY) method, with a *H dephasing duration of 10.75 ms?®Z,
This method utilizes a ratio of interleaved reference and attenuated spectra to determine the Jnu
and *Dnn Vvalues, rather than traditional splitting experiments, and therefore bypasses some of the
issues with extreme peak broadening in the upfield component of the split peaks. Free and LC8-
bound RavP samples were run both in standard NMR buffer, as well as in pfl phage aligned
solution (Asla Biotech, Riga, Latvia). A 50 mg/mL stock of Pf1 phage was added into samples to
a final concentration of 10 mg/ml, where significant 2H splitting was seen.

PRE data were collected at 800-MHz using a tH-*N HSQC-TROSY pulse sequence, and
data are presented as a ratio of the oxidized to reduced peak intensities. Spectra were compared to
unlabeled spectra to verify that the MTSL label was not impacting RavP structure.

NMR data analysis

All spectra were processed with either TopSpin (Bruker BioSpin, Billerica,
Massachusetts) or NMRPipe!®?, and analyzed using Sparky*®. C,, Cg, and C’ chemical shifts
were compared to random coil values at the specified temperature and pH to determine the
secondary structurg6416,

T. and T2 relaxation experiments were analyzed using Sparky*. Errors for *H->N NOE
and peak intensity ratios were calculated from the intensities of the baseline noise. Errors for
RDCs were calculated as described in'®. Reduced spectral density mapping was performed on
the NMR relaxation data as previously described®*>% to yield values for spectral
densities J(0), J(on), and J(0.87wH).

SECMALLS

Size-exclusion chromatography (SEC) combined with multi-angle laser light scattering
(MALLS) and refractometry was performed at 20 °C with a flow rate of 0.5 mL min~!' on a
Superdex 200 HR 10/300 GL column (GE Healthcare) equilibrated with 20 mM Tris-HCI pH 7.5,
150 mM NacCl, 50 mM arginine, 50 mM glutamate and 0.2 mM TCEP buffer supplemented with
a protease inhibitor cocktail (Complete EDTA-free, Roche). MALLS detection was performed
with a DAWN-HELEOQS |1 detector (Wyatt Technology, Santa Barbara, California) using a

690 nm laser light source. The protein concentration was measured with an Optilab T-rEX
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detector (Wyatt Technology) using a refractive-index increment, dr/dc, of 0.185 mL g~!. Weight-
averaged molar masses (MW) were calculated with ASTRA (Wyatt Technology)*®’.
Smaltangle xray scattering

SAXS data were collected at the BioSAXS beamline BM29 at the European Synchrotron
utilizing an in-line analytical SEC S200 column (10/300 GL, GE Healthcare). SAXS
measurements were performed with a Pilatus 1M detector at a distance of 2.867 m allowing a g
range of 0.03 to 4.94 nm with a wavelength of 0.09919 nm. The scattering from the buffer before
and after each sample measurement was used for background subtraction. Data were analyzed
using Primus (ATSAS)*® and ScAtter (Bioisis) program suites*®®. The volume of correlation
method was used to determine the molecular mass'™. The radius of gyration (R;) was calculated
using both the Guinier approximation and the pair distribution function. SAXS datasets were
scaled and averaged to produce one unique 1(q) curve.

Model generation and moleculdynamics simulation

A combined atomistic coarse-grained and classical explicit solvent molecular dynamics
simulations approach was used to generate ensembles of conformers suitable for fitting the SAXS
data for both the free and bound complex. Models of the LC8-RavP complex were built with the
rigid body SAXS modeling software CORAL® using the structures of the DD and CTD
domains?*1?° as well as a representative LC8-peptide structure. As CORAL builds the regions
for which no high-resolution structure are available as beads, the resulting model was then
processed to generate an all-atom model. The all atom model of the LC8-RavP complex was then
used as input for molecular dynamics simulations. To generate the starting model for RavP, LC8
was deleted from the model of the complex. Models of RavP and LC8-RavP were then simulated
in GROMACS 5! using either an atomistic coarse-grained structure-based model*’? or explicit
solvent classical molecular dynamics simulations (MDS). In the case of the structure-based model
MDS, a time step of 0.0005 time units was used and the simulation was coupled to a temperature
bath via Langevin dynamics. A single 100 ns trajectory was obtained for both RavP and LC8-
RavP, and snapshots were extracted every 50 ps to create two ensembles with 2000 models each.
In the case of classical MDS, we generated multiple trajectories for an aggregated simulation time
of ~ 250 ns for RavP and ~ 400 ns for LC8-RavP. MDS was performed using charmm22*173 to
simulate collapsed states, and the amber03ws and amber99SBws forcefields!™ to reproduce the
properties of intrinsically disordered proteins (Sl Figure 2.4). At the beginning of each

simulation, the protein was immersed in a box of SPC/E water, with a minimum distance of 1.0
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nm between protein atoms and the edges of the box. The genion tool was used to add 150 mM
NaClI*"L, Long range electrostatics were treated with the particle-mesh Ewald summation’®. Bond
lengths were constrained using the P-LINCS algorithm. The integration time step was 5 fs. The v-
rescale thermostat and the Parrinello-Rahman barostat were used to maintain a temperature of
300 K and a pressure of 1 atm. Each system was energy minimized using 1,000 steps of steepest
descent and equilibrated for 500 ps with restrained protein heavy atoms prior to production
simulations. Radius of gyration versus time, RMSF and interdomain distances were calculated
using GROMACS routines. Snapshots were extracted every 200 ps from each trajectory, leading
to the generation of ~ 1250 models of RavP and ~ 2000 models of LC8-RavP.

For each model from the RavP and LC8-RavP ensembles, theoretical SAXS patterns
were calculated with CRYSOL® and ensemble optimization fitting was performed with
GAJOE'"". The optimum selected ensemble size and relative weights of the models were
determined automatically by GAJOE. Goodness of fit was demonstrated by the low y values
using the ensemble optimization method (xeom).

By comparison with other methods for constructing ensembles (e.g. Ensemble!’® or
Asteroids'’), simulations of trajectories can provide an easier way to generate all-atom models of
physically accessible conformers for multimeric molecules or multi-molecular complexes. The
possible drawback with classical MDS that intrinsically disordered proteins are too compact can
be avoided by combining different methods and different force fields, in particular by using force
fields specifically devised for disordered proteins’*. Clearly, our different trajectories started
from an initial conformation that has an Ry value larger or equivalent to the experimental Ry
value, and although some led to more compact conformations (those using Charmm force fields),
others led to larger conformers (those using SBM or amber force field; SI Figure 2.4). Extracting
conformers from these different trajectories generates ensembles with great diversity of
compactness. Modeling SAXS data with ensembles generated by SBM or MDS simulations has
been reported for different systems (e.g.180-182),

Structure prediction and ensemble visuaizat

Secondary structure predictions were obtained via PSIPRED v3.3%! and Agadir®®:.
Regions of order and disorder were predicted using DISOPRED3® and IUPred2A!84, Domain
boundaries were predicted using DomPred®3!. Ensemble analysis of the models generated from
the SAXS profile was carried out using the Ensemblator program®”1¢° which aligns structures

based on common regions, and describes regions of variability using a variety of complementary
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methods. Here we use the locally overlaid dipole residual (LODR) function to get information on
residue-level backbone similarity from a pairwise comparison of all models in the ensemble. The
LODR analyzes differences in local structure by aligning each dipeptide within the protein and

calculating the RMSD for the backbone of the next amino acid within the protein sequence.

Phylogenetics

Phosphoprotein sequences for viruses in the Rhabdoviridaglamily were obtained from
the UniProt server (accessed 03/2018). Alignments and trees were generated with Clustal
Omega'®®, by comparing representative phosphoproteins for viruses within different genera in the
Rhabdoviridadglamily. Representative viruses were lettuce necrotic yellow virus
(Cytorhabdoviruy orchid fleck virus (Dichorhavirug, rabies virus (Lyssaviru$, viral
hemorrhagic septicemia virus (Novirhabdoviru¥, perch rhabdovirus (Perhabdovirug, Drosophila
melanogaster sigmavirus (sigmaviru3, spring viremia of carp virus (Sprivivirug, Tibrogargan
virus (Tibrovirus), Durham virus (Tupavirug, vesicular stomatitis Indian virus (Vesiculoviru$.
Phosphoproteins from three genera that did not show a similar domain architecture were excluded
from the analysis (Ephemerovirus, Varicosaviruand Nucleorhabdovirus Sequence
conservation analysis for phosphoproteins related to RavP was carried out using the ConSurf
server®®’ with the final conservation coloring based on 48 unique sequences with a maximum
percent identity of 85%. Conservation scores were then mapped onto a representative protomer
from within the SAXS ensemble.
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SI Figure 2.1: Change in carbonyl secondary chemical shifts for RavP-FL and RavP
constructs. ACO was calculated as the difference between CO values for predicted random coils
and RavP-FL (black) and RavP-C/RavP-N constructs (green). CO random coil chemical shifts
were obtained from the Poulsen IDP/IUP generator®41%°  C-terminal domain peaks were not
visible in RavP-FL HNCO spectra. See also Figure 2.2.
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SI Figure 2.2: HNCO-based experiments for RavP-FL apo (black) and bound to LC8 (red).
Bound samples contained a 1:1.2 ratio of RavP-FL:LC8. ACO was calculated as the difference
between CO values for experimental and predicted random coils for RavP (black) or RavP-LC8
(red). CLEANEX ratios are calculated as the intensity ratios between free and bound proteins,
and were collected under identical conditions. In CLEANEX experiments, residues for which the
error rates were greater than 25% of their value were removed from the graph. See also Figure
2.3.
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SI Figure 2.3: Fits for relaxation experiments and spectral density function analyses.
Spectral density function J, nand J,, Hvalues indicate there is very little difference between apo
RavP-FL (black), and RavP bound to LC8 (red) at these timescales. !Dnn values are unchanged
between free and bound ravp, and lie near 0, suggesting disorder. PRE values are shown as
intensity ratios for oxidized (paramagnetic) to reduced (diamagnetic) samples, with error bars
calculated from the background noise. T1 and T, relaxation data are also shown with error bars.
Spectra were collected in 150 uM RavP, in 150 mM NaCl, 20 mM MES, 1 mM NaN3s, 5 mM
EDTA, pH 6.5. Relaxation times (T, and T,) for RavP-free (black) and RavP-bound (red). Error
bars represent the error in the fit, and residues with fit errors greater than 25% of their T+/T, value
are not shown. See also Figure 2.3E.



56

>
W

—— Rg_amberd9sbws1
—— Rg_charmm22star1 89

Rg_charmm22star2
—— Rg_chamm22star3
—— Rg_SBM

—— Rg_amber&9sbws1
= Rg_charmm22star1
71 Rg_charmm22star2

—— Rg_amber03ws1
—— Rg_SBM

Radius of gyration (nm)
Radius of gyration (nm)

0 20 40 60 80 100 0 20 40 60 80 100 120 140 160 180
Time (ns) Time (ns)

SI Figure 2.4: Molecular dynamics trajectories.

Radius of gyration versus simulation time extracted from the molecular dynamics trajectories that
were used in the ensemble generation procedure for RavP (A) and LC8-RavP (B). In each case,
the variations of the radius of gyration over the course of the trajectory is shown as a coloured
line as indicated (trajectories obtained using coarse-grained structure-based models are shown in
green, amber99sbws classical M.D. trajectories are shown in black, amber03ws classical M.D.
trajectories in cyan, and charmm22* classical M.D. trajectories in brown and yellow).
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Abstract

Hub proteins participate in cellular regulation by dynamic binding of multiple proteins within
interaction networks. The hub protein LC8 reversibly interacts with more than 100 partners
through a flexible pocket at its dimer interface. To explore the diversity of the LC8 partner pool,
we screened for LC8 binding partners using a proteomic phage display library composed of
peptides from the human proteome, which had no bias towards a known LC8 motif. Of the
identified hits, we validated binding of 29 peptides using isothermal titration calorimetry. Of the
29, 19 were entirely novel, and all had the canonical TQT motif anchor. A striking observation is
that numerous peptides containing the TQT anchor do not bind LC8, indicating that residues
outside of the anchor facilitate LC8 interactions. Using both LC8-binding and non-binding
peptides containing the motif anchor, we developed the ‘LC8Pred’ algorithm that identifies
critical residues flanking the anchor, and parses random sequences to predict LC8 binding motifs
with ~78% accuracy. Our findings significantly expand the scope of the LC8 hub interactome.
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Introduction

Most proteins interact with few partners, but a class of proteins referred to as hubs
interact with a large number of partners in complex protein-protein interaction networks’-18¢,
Hubs can be static or dynamic. Static hubs bind a large number of partners simultaneously at
different sites, for example BRCA2"’. Dynamic hubs bind multiple partners that compete for the
same site’87°, Well-known examples of dynamic hubs include calmodulin and 14-3-3 proteins®-
82 A more recently discovered member of dynamic hub proteins is the dynein light chain LC8%.

There are more than 280 binary interactions for human LC8 in the Mentha database*®°,
some of which have been extensively studied, including the dynein intermediate chain?¢364 and
the transcription factor ASCIZ5"-%°, Additionally, expression patterns show that LC8 is highly
expressed across a wide variety of cell types™, and is broadly distributed within individual
cells’™1%,

LC8 is an 89 amino acid homodimeric protein first identified as a subunit of the dynein
motor complex. Co-localization and binding studies with dynein led to a common perception that
LC8 functions as a dynein ‘cargo adaptor’ to facilitate transport of dynein cargo’?3*. However,
further studies have shown that LC8 interacts with many proteins not associated with dynein at
the same symmetrical grooves in the LC8 dimer interface (Fig 1A). Because of the symmetry of
the binding sites of the LC8 dimer, and its association with dimeric proteins, it is now generally
accepted that LC8 serves not as a cargo adaptor in the dynein machinery, but rather as a
dimerization hub in a variety of systems®2,

LC8 interacts with an eight amino-acid recognition motif within intrinsically disordered
regions of its partners. Sequences bound to LC8 form a single b-strand structure integrated into
an LC8 antiparallel b-sheet®; Figure 3.1). While there is some variation in the binding motif, it is
most frequently anchored by a TQT sequence *4. The glutamine in the TQT anchor is typically
numbered as position 0, because it is the most highly conserved amino acid®. The flanking
threonines are therefore defined as positions 1 and -1. The TQT anchor is highly enriched among
known LC8 partners and will be referred to in this paper as the “motif anchor” (Figure 3.1B)*.

A dynamic binding interface, determined from nuclear magnetic resonance (NMR)
relaxation and hydrogen/deuterium exchange experiments?®°1192 allows for large sequence
variation in LC8 binding partners; however, several steric and enthalpic restrictions are placed on
binding sequences. One restriction is inferred from analysis of solvent accessible surface areas of

peptides bound to LC8 (Figure 3.1C)*. The side chains of the amino acids at positions -1 and 1
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of the peptide (both threonines in Figure 3.1C) are completely buried, leading to a strong
preference for amino acids with branched side chains that are either hydrophaobic or, as is the case
for threonine, participate in hydrogen bonding. In fact, these two positions are the only side
chains that are completely buried (Figure 3.1C, orange vs pink side chains), suggesting that these
residues are under more stringent selective pressures. Interestingly, even though the amino acids
on both sides of the anchor are highly variable, their side chains are easily fit within discrete
pockets (Figure 3.1B). In contrast, outside of the eight amino-acid LC8 binding motif there is
higher variability in amino acid sequence and in side chain rotamer conformations (Figure 3.1B).
Analysis of these structures explains the preference for the ‘TQT’ anchor within the LC8
recognition motif, but falls short of capturing the spectrum of amino acids that can flank the
anchor in potential binding sequences.

In an effort to determine a consensus binding motif, Rapali et al® used phage display
and randomized all eight amino acid positions of the motif except for the conserved glutamine at
position 0, and determined VSRGTQTE to be the most thermodynamically favorable binding
sequence3®. While this experiment led to the discovery of multiple LC8 binding partners, the idea
of a specific “consensus sequence” belies the dynamics of the LC8 binding site. Additionally, by
selecting for the tightest binder, many weaker binders were likely outcompeted and therefore not
visible in their study. Our goal in this work is to determine the extent of the variability in LC8
binding sequences flanking the motif anchor.

LC8 motif prediction analyses have increased the number of known binding sequences,
and enhanced our understanding of the motif specificity®®>; however, algorithms generated in
these studies were designed for initial screening and are therefore not sufficiently stringent for
general use, nor made publicly available. Here, we use a combination of proteomic peptide phage
display (ProP-PD) technology and position-specific scoring matrices to determine likely LC8
binding sequences. Interestingly, although our methods were unbiased with respect to the
presence of a TQT anchor, sequences experimentally validated to bind LC8 all contained a TQT
or variation of the TQT triplet. A database that includes partners identified in this work along
with published interactions is now available and contains all 82 validated LC8 interactions.
Finally, we used this database to develop an algorithm that utilizes both binding and non-binding
sequences to effectively predict LC8 partners, and define rules for LC8 partner recognition that

underscore the plasticity of the LC8 binding pocket.
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Figure 3.1: Motif sequence logo and surface analysis of LC8.

(A) Crystal structure of a representative LC8 dimer (protomers shown in shades of green) bound
to a peptide (shades of red). (B) Electrostatic charge potential for a representative LC8 structure
using PyMOL’s smoothed-charge potential calculator, with positive potentials shown in blue,
negative in red, and neutral in white. Peptides from available crystal structures of bound LC8 are
shown, and colored based upon amino acid chemical characteristics (right). Amino acid
enrichment is shown below each position within the LC8 binding motif, calculated from 79
known binder motifs listed on the LC8 database (http://Ic8hub.cgrb.oregonstate.edu). Amino acid
heights represent relative enrichment of that amino acid. (C) Solvent accessible surface area
depiction of the same LC8/peptide pair shown in A. Color scheme was defined at the atom level
using the GetArea program??, with magenta representing more solvent exposed, and orange
regions more buried atoms.
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Results

LC8 is broadly distributed in cells

To examine the subcellular distribution of LC8, we used HelLa cells stably expressing
endogenous levels of a C-terminally tagged LC8-GFP fusion generated by BAC
TransgeneOmics®. In interphase cells, LC8-GFP is present throughout the cytoplasm, within the
cell nucleus, and enriched in patch-like structures at the cell cortex located in the vicinity of focal
adhesions (Figure 3.2A). In mitotic cells, LC8-GFP is present at the spindle and enriched at the
spindle poles and prometaphase kinetochores (Figure 3.2B). While the mitotic LC8-GFP
localization is consistent with LC8 being part of the cytoplasmic dynein complex*%, the nuclear
localization and cortical accumulations in interphase cells are not observed for the other core
subunits of cytoplasmic dynein, such as the heavy, intermediate or light intermediate chains,
which were previously tagged with GFP and detected in a similar manner®,

In agreement with the imaging data, analysis of localization patterns for known LC8
partners performed using the COMPARTMENTS database!® show that they can be found in
multiple cellular compartments, such as the cytoplasm, nucleus and vesicles (Figure 3.2C).
Surprisingly, LC8 partners can even be found in extracellular space. Localization within the
various categories of subcellular structures supports the conclusion that LC8 is broadly
distributed throughout the cell irrespectively of dynein, and concentrates at certain subcellular

sites where LC8 partners are enriched.
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Figure 3.2: LC8 and its binding partners are broadly distributed.

(A) Live HeLa cells stably expressing LC8-GFP (green) were transiently transfected with the
focal adhesion marker TagBFP-paxillin (blue) and the nucleus marker dsRed-tagged histone H2B
(red). The top view images shown on the left represent an optical section located next to the
coverslip. LC8-GFP is present throughout the cell, but forms puncta at the cell cortex. (B) HelLa
cells stably expressing LC8-GFP were fixed with paraformaldehyde (PFA) and stained for the
endogenous a-tubulin (red) and with DAPI (blue) to visualize the DNA. LC8 accumulates at the
kinetochores (box 1) and at the spindle poles (box 2). For both A and B, images were acquired
using confocal spinning disc microscopy. (C) Localization information derived from the
COMPARTMENTS program demonstrates that LC8 binding partners are localized to all cellular
compartments.

ProP-PD selections identify 16 new LC8 interactions
For broad mapping of the LC8 interaction network, we used a Proteomic Peptide Phage Display
assay (ProP-PD), in which a library is created that encodes sequences for peptides drawn from a
genome of interest. These peptides are then synthesized by bacteriophages and displayed
externally on bacteriophage coats. Our ProP-PD library is composed of 479,846, 16 amino-acid
long peptides with overlapping segments designed from the disordered regions of 18,692 human
proteins®®, Through phage display selections using immobilized LC8 as bait protein we pulled
down and sequenced 53 potential binding partners with highly variable sequences, including 5
previously identified partners (SI Table 3.1).

To validate the binding of these partners, we synthesized 14 amino-acid long peptides
containing the motif anchor at positions 10-12, and tested their binding by isothermal titration

calorimetry (ITC). Of the 53 synthesized peptides, 16 interacted with LC8 to varying degrees,
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while 31 peptides showed no binding under our experimental conditions (Table 3.1). Binding of

the remaining peptides was not tested due to their poor solubility.

Start End Binder? Citation

108
1498
340
463
791
153
1800
749
181
13
200
200
566
788
1514
760

205
1505
375
2000
2673
714
1065
370
13
841
374
509
550
98
272
342
344
261
289
3049
278
271
81
625
542
70

UniProt Gene Sequence
043521 BCL2L11 APMSCDKBQTPSP
Q9UPA5 BSN! PRATAEFSQTPSP
Q86VvQ1 GLCCI1 SSSTRSIDIQTPSV
Q96R06 SPAG5 HPETQDSEQTDTS
Q6IMN6  CAPRIN2 NQSFTTASQTPPQ
075665 OFD1 AKESCNMEQTSST
Q02505 MUC3A PVLTSATA@QTSPA
Q9UBYO0 SLC9A2 DCHSREKGQTSD
Q9Y2F5 ICE1 EKELRHIGIQISSD
Q9ULV3 Clzi ARAGRSVEQTGSM
Q99102 MUC4  SONHWTRRTTRE
Q99102 MUC4 DINHWTRBQTTRE
P07359 GP1BA GQGAALTTAQTTHLE
Q9Y4F4 TOGARAM1 SKTQQTFSQTECT
Q8WWNS8 ARAP3  SPSPTGLHQTPGF
Q01973 ROR1 DCSGGNATQTTSD
Q8NEZ4 KMT2C IVSCVSVSTQTASD
Q9UPA5  BSN-shiftt STQTPSPAPASDMP
Q72222 EFL1 DERLMCTGSQTFDD
Q02817 MUC2 TPTPTPTA@QTPTT
Q9HC84  MUC5HB-3 SMATPSSEQTSGT
Q8TECSH SH3RF2 TLVSTASAQTVFP
Q9P2G1 ANKIB1 RGDGSD&QTPQT
043526 KCNQ2 DLIPMYSSQ@QTY®D
P14859 POU2F1 ESGDGNTBQTNGL
P35568 IRS1 LPRKVDTAQTNSR
Q2KHR3 QSER1  KTLTFSGSQIVTP
Q99814 EPAS1 TEAKDQCEQTDFN
Q9Y4K1 CRYBG1 RSFVLPVESQD/SSQ
P49862 KLK7 SFRHPGYBQTHVN
Q92904 DAZL TQDDYFKDKRVHHFRF
Q96FV2 SCRN2 VRTLPRFQQ\WDRR
Q96FV2 SCRN2 DODTLPRFQIQWDRR
Q72589 EMSY  KITFTKPSTQTINT
Q13952 NFYC  CLKETLQITQTEVQ
Q9HC84  MUCHB-1 TTLPVLTSTATKST
P53350 PLK1 AASLIQKM.QTDPTAR
Q92499 DDX1 DOHSGNAQWQTKFD
Q8NBH2 KY ITSYNSQGE@QLTVE
Q06190 PPP2R3A LQETLTTSSQANLS
Q13618 CuUL3 KHSGRQLIQHMG
Q9H4B6 SAV1 NQSFLRTRQRTPH
Q2TV78 MSTL1 EGYRGTANTTTAAYLA 259

117
1511
353
476
804
166
1813
804
194
26
213
213
581
801
1527
774

218
1518
386
2013
2686
727
1078
380
26
854
387
522
565
111
288
355
355
274
302
3062
293
282
94
638
555
83
274
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Q6ZU65 UBN2  PLQATISKSQMNPV 942 955
Q96SC8 DMRTA2 SSRSAFSPQPNAS 433 446
Q6ZRIO0 OTOG  TLQQPLELTAQLPAG 1541 1556
Q96JG9 ZNF469 RAAALPEETRSSRR 1014 1027

z2Z2zZ2Z

Table 3.1. Peptides synthesized based on their binding in phage display experiments.

Anchor motifs are underlined. Aspartates shown in italics were added to increase solubility.

2 BSN-ProP-PD is the Bassoon sequence pulled down by phage display, without shifting the TQT
sequence into the correct position. ® Peptides that displayed an interaction with LC8 via ITC, but
the data were not of sufficient quality to obtain reliable Ky measurements.

Binding dissociation constants ranged from 0.16 pM for BCL2L 11, to affinities too weak
to be reliably determined by ITC (Kq greater than 25 uM cut-0ff). Representative thermograms
for strong binders (data fit with high accuracy), weak binders (not fit), and non-binders are shown
in Fig 3.3A. Under our experimental conditions, LC8 is a dimer™®; therefore the 1:1 binding ratio
in all ITC thermograms corresponds to 2 peptides binding to an LC8 dimer, as expected.
Although the ProP-PD method has no innate bias toward anchor-containing sequences, all of the
LC8-binding peptides contain a TQT-like sequence (Table 3.1). On the other hand, many anchor
containing peptides failed to bind in our ITC assays, suggesting that the achor motif is strongly
predictive of high-affinity binding, but insufficient to guarantee interactions with LC8.

There are several plausible explanations for the lack of binding of ProP-PD-derived
peptides to LC8. In the hybrid M13 system used here, each phage particle displays hundreds of
peptide copies on its surface. This avidity allows the capture of low/medium-affinity interactions,
in the range of 40-150 uM?*®¢292, Additionally, because LC8 binds much more tightly to dimeric
than to monomeric partners due to the bivalency effect!®?, the presence of multiple peptides in
close proximity on the phage surface could facilitate binding to otherwise weak motifs. Thus, it is
possible that the anchor-containing peptides that failed to bind in our ITC experiments, in fact do
bind LC8, but with affinities weaker than 40 uM.

Available crystal structures of LC8 bound to partner peptides indicate that partners
require amino acids N-terminal of the TQT anchor motif for the necessary backbone H-bonds to
form a B-strand. Therefore, for the phage display identified peptides that had the TQT anchor at
the N-terminus, the corresponding synthesized peptide sequence was shifted to have the TQT
motif at the 10-12 position, and the flanking regions were replaced with the actual protein
sequence at these positions to allow for at least five amino acids on the N-terminal side of the
TQT sequence.

This design may partially explain why some peptides that were pulled down in the ProP-

PD experiments did not bind via ITC, as the sequences used in these experiments were not
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identical. Many of the nonbinding ProP-PD hits have their TQT anchor located near the N-
terminus of the peptide. As each ProP-PD peptide is N-terminally flanked by an SSSG linker,
their binding behavior might be expected to differ from native sequences, wherein flanking
regions are different and might contain amino acids that impair LC8 binding. This effect is most
clearly demonstrated by our results for two partially complementary peptides derived from the
protein bassoon (BSN). Two versions of this peptide were synthesized for this experiment: one
version exactly matching the ProP-PD hit with the TQT motif at the N-terminus (minus the SSSG
tag, STQTPSPAPASDMP), and a modified version with the TQT motif near the C-terminus
(PRATAEFSTQTPSP). The modified BSN peptide with a C-terminal TQT demonstrated strong
binding to LC8, while the original phage-determined peptide with N-terminal TQT failed to
demonstrate even weak binding to LC8. This example provides strong evidence that LC8-partner
binding interactions are sensitive to the positioning of the TQT anchor within the full binding
motif, and validate our concern that the SSSG linker erroneously facilitated binding for some
sequences in the ProP-PD experiment.

Positionspecific scoring and disordgrediction identifies 7 new LC8 interactions

We scanned Homo sapienand viral proteomes for potential LC8-binding sequences based upon:
1) their propensity for disorder, 2) their sequence conservation across related species, and 3) the
sequence’s similarity to known motifs. This final parameter used a position-specific scoring
matrix (PSSM) based on the relative enrichment or depletion of each residue in a potential
sequence, weighted by amino acid frequency. Enrichment and depletion PSSMs were populated
using sequences that interact with LC8, verified either by mutagenesis or in vitro assays. ITC
experiments were performed on 19 synthetic peptides with high-scoring sequences, but only
seven bound (Table 3.2). These include the human papilloma virus E4 protein, the rotaviral VP4,
and human CCL2, CCL7, SON, MAST1, and ZFPM1 proteins. Notably, a previous study also
predicted a binding site within the rotavirus A VP4 protein?® at residue position 644-651
(IDMSTQIG); however, the synthesized peptide sequence tested in that study did not bind LC8.
Here, we predict an alternative site at positions 605-612 (NDISTQTS) based on disorder
propensity and motif similarity. ITC experiments confirmed that the site predicted here binds with
a Kq of 4.2 uM (Figure 3.3B).
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UniProt Gene Sequence Start End Binder? Citation
Q6LCS3 E4 (HPV) YLQGRQEDKIQRTPPP 16 30 Y
Q8IX07 ZFPM1 PAPPSYSDK®&QTPSK 947 962 Y
P11193 VP4 (Rotavirus A) YVTNSLNDISTQTSTI 600 614 Y
P13500 CCL2 YDSMDHLDKIRTPKT 85 99 Y
P18583 SON YSRKSRCVSQDPT 87 100 Y

MAST1<sup>204< 2

/sup><sup>204</su

p><sup>204</sup>

<sup>204</sup><s
Q9Y2H9 up>20 4< /sup>gsup YGCTRHQ$QTEDG 1387 1399 Y

>204</sup><sup>2

04</sup><sup>204

</sup>

P80098 CCL7 QDFMKHLDKKQTPKL 84 99 Y
Q5KA4E3 PRSS36 YGPDGEETEQTCPP 468 581 N
P20702 ITGAX YGQIAPENGQTPSP 1146 1159 N
P03586  MT/HEL (TMV) AQPKQKLDTIRTEYP 13051320 N
Q8IYH5 7773 KSVAENGDTDQTSMF 237 252 N
Q5DMI6 DNLJ2 (phage T5) YKIEIP TQ@PSCGSI 2 15 N
Q92904 DAZL YPQKKSVDR®T VVS 243 257 N
QI9NZ56 FMNZ2 YHHRILEAKSQT SPT 735 749 N
Q13418 ILK MDDIFTQREGN 1 12 N
043432 EIF4G3 DFTPAFADFBQTPGG 676 691 N
Q99613 EIF3C YELMASLDQPQTVVM 830 844 N
015444 CCL25 NKVFAKLHHRQTFQA 94 109 N
P20042 EIF2S2 KPFMLDEEGDQTEET 21 36 N

Table 3.2: Peptides synthesized based on favorable sequence comparisons.
Anchor motifs are underlined. Tyrosines shown in italics were added for accurate concentration
determination.
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Figure 3.3: LC8-peptide binding thermodynamics.

(A) Representative ITC thermograms of LC8 bound to 14 amino acid-long synthetic peptides.
The data were collected at 25 °C in 50 mM NaCl, 50 mM NaPO4, 1 mM NaNs, pH 7.5.
Experiments were performed in triplicate. We categorized peptides as strong binders (Kqreliably
determined; SPAG5), weak binders (heat generated, but unable to fit the data; TOGARAML), and
non-binders (QSER1). Weak binders are those with affinities >25 uM. (B) Binding affinities and
thermodynamic parameters for strong LC8 binders identified in this study. Thermodynamic
parameters for all binding peptides at 25 °C are shown. AG (black), AH (orange), and TAS (blue)
kcal/mol values are the average of 2-3 independent ITC experiments. Kgs are shown in uM. Eight
amino acid motifs are shown, with residues capable of making conserved hydrogen bonding
interactions highlighted in grey. Sequences are ordered by descending AH values.

Common motif features that prote LC8 binding

Since only 7 of the 19 PSSM-predicted binding sequences actually interact with LCS8, it is clear
that an additional filtering method should be introduced to minimize false positives. To assess
common features for binding from this growing dataset of interactions, we overlaid all known
tight binding partners (50 sequences with Kgs <10 uM, Figure 3.4B), as well as all non-binding

sequences (determined here, Figure 3.4C). This comparison revealed some conspicuous
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differences between binders and non-binders, allowing for the determination of the position-based
rules that follow (Figure 3.4A,D).

The anchor is extremely well conserved in both amino acid type and volume. There is a
strong preference for a mid-sized H-bonding/hydrophobic residue at positions -1 and +1, and a
clear preference for a glutamine at position 0. Any deviation from this anchor, such as the RQT
seen in EIF4G3, leads to a non-binding sequence. Both threonines are completely buried in
crystal structures (Figure 3.1C), and therefore deviations to a charged group are highly
unfavorable (Figure 3.4D, Poor Anchor).

Position +2, which has no b-strand backbone interactions in any crystal structures, shows
a large preference for proline, aspartate, and glutamate residues. Interestingly, these three residues
are classically depleted in b-strands?%2%, providing a potential explanation for these residues
acting as “strand-breaking” amino acids at the periphery of the LC8 binding pocket. An
alternative explanation for their enrichment is that the negative charge for E and D can interact
with the positive electrostatic charge on LC8 (Figure 3.1B). Proline, on the other hand, might
energetically assist in binding by reducing the change in entropy, as both proline and pre-proline
residues are conformationally restricted?’”. Hydrophobic amino acids are not well accommodated
at this position (Figure 3.4D, Hydrophobic +2).

Position -2 shows little charge preference and allows positive, negative, polar, and
hydrophobic residues; however, there are no examples of bulky aromatic side chains at this
position among the tightly binding peptides, indicating that there are some steric constraints
(Figure 3.4D, Bulky hydrophobic -2).

Position -3 favors large side chains as nearly all tight binders contain an amino acid at
least as large as valine at this position, with only two occurrences of an alanine. Fig 1B reveals a
binding pocket where large side chains can fit, which is often occupied by lysines or arginines. A
small side chain at the -3 position does not immediately exclude a sequence from binding, as in
CAPRIN2 (Table 1), but seems to be less favorable based on the depletion of these residues
(Figure 3.4D, Small -3).

Position -4 favors amino acids capable of making a polar contact, such as aspartate, and
no sequences identified to date have hydrophobic residues larger than alanine at this position
(Figure 3.4D, Hydrophobic -4). Finally, the -5 position shows a slight bias towards positively
charged residues (Figure 3.4B,C), but it is unclear whether this effect is significant.

In general, partners must bind within a deep hydrophobic pocket and form a p-strand

structure; therefore, multiple similar charges within a peptide, or sterically challenging prolines at
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any internal position, makes binding unfavourable. Even with this systematic comparison, a

number of the non-binding sequences could not be categorized (Figure 3.4D).
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Figure 3.4: Analysis of LC8 binding and nonbinding motifs reveals positional preferences.
(A) Motif preferences for LC8 binding partners. “®” denotes hydrophobic residues; “X” signifies
any residue (unless certain residues are disfavored); underlined “X” signifies any residue but with
strong preferences for particular residues; “+” denotes positively charged amino

acids. Physiochemical properties beneficial for binding are colored dark blue or light blue, based
on magnitude, and deleterious properties are colored in red. (B) All known tightly binding
sequences (Kq < 10 uM) are cropped to eight amino acid motifs, and built using the Chimera
molecular modeling software. This includes LC8 sequences found on the LC8Hub database, as
well as those determined in this paper. (C) Overlay of all non-binding peptides used in this study.
Residues are colored based upon whether they are beneficial (blue), deleterious (red), or neutral
for binding (white), using the amino acid enrichment and depletion in known motifs (Figure
3.6A). (D) Categories of non-binding sequences. Residues highlighted in red depict what caused
the sequence to be placed within a given category. * Denotes sequences that have been placed in
multiple categories.
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The partnerbinding pocket is conserved in LC8 sequences but is structurally variable

A comparison of LC8 amino acid sequences from 58 different eukaryotic species using the
ConSurf program 87 reveals that the partner binding site is strictly conserved across these diverse
organisms (Figure 3.5A). Interestingly, the conservation of residues creates a noticeable gradient
pattern that radiates out from the dimeric interface/partner binding site, with the most conserved
residues near the core (maroon), and the least conserved residues at the peripheries (blue).

We used the Ensemblator program®¥’, which aligns independently determined 3D
structures and identifies regions of structural conservation or plasticity, to visualize how a
sequence that is strictly conserved is capable of binding such a wide variety of sequences. By
overlaying the protomers from 5 published crystal and NMR structures of free LC8, we observed
that the B-strand that directly binds to partners is highly variable (Figure 3.5B)?*1°:1%2 and has the
highest RMSD values between structures. It is of note that the most sequence-conserved region is
also the most structurally variable part of the protein. This structural plasticity allows
accommodation of a diverse set of partners with a wide range of properties, and sheds light on

why definitive identification of LC8-binding motifs is such a difficult task.

Enthalpic and entropic modes of binding

Crystal structures of LC8 bound to different peptides reveal surprisingly few conserved backbone
and side chain H-bonds. Backbone H-bonding between the antiparallel b-strands occurs only for
residues between positions -5 and -1 (Figure 3.5C,D). Tellingly, there are only five frequently
observed side chain H-bonds, and four of these occur within the anchor (Figure 3.5E). The
remaining interaction occurs at position -4, which is often an aspartate residue. The conspicuous
lack of conserved side chain polar contacts, along with LC8’s dynamic binding interface,
suggests that most disordered (or extended) anchor-containing sequences should be capable of
binding LC8.

Thermodynamic data obtained by ITC demonstrate that all of our peptides bind to LC8 in
an enthalpically driven reaction (Figure 3.3B). Analysis of all peptides with strong anchors, high
binding affinities, and similar Kgs, shows large differences in their AH and TAS values, spanning
15 kcal/mol. In general, peptide sequences that contain TQT anchor sequence and the capacity for
a polar contact at the -4 position have the largest AH (e.g.BCL2L11 and CCL2), while sequences
like MAST1 or ICE1 that lack one or more of these interactions have a lower AH (Figure 3.3B).
Some outliers (such as VP4, BSN, and RavL) have lower AH values. One possible explanation is

that these peptides have predicted helical structures, which require additional energy to unfold
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before binding, and thus result in smaller overall AH values. Indeed, the LC8-recognition motif
within VP4 has the smallest AH (-5.6), and is predicted by IUpred to be ordered (average disorder
propensity of 0.37).

Sequence

C_ .

Variable Conserved

B

Structure

Variable Conserved

Figure 3.5: LC8 is conserved in sequence but structurally variable.

(A) Surface representation of LC8 colored by sequence conservation using ConSurf. More
sequence conserved regions are shown in magenta, less sequence conserved regions are shown in
cyan. Highly conserved residues map to those within the LC8 binding site. (B) Surface
representation of LC8 colored by structuralconservation in the free protein using the
Ensemblator. Regions that are more structurally variable are shown in red, while more
structurally conserved regions are shown in blue. An overlay of NMR and crystal structure
protomers used for the structural analysis is shown as a cut-out in B. (C) 2D depiction of the
binding interface between an example peptide (orange) and the binding p-strand within LC8
(Teal). Polar Bonds between LC8 and peptides from crystal structures are shown in D (top down
view, only backbone interactions) and E (pocket view). Colors of polar contacts are based on
whether the polar contacts stem from backbone (yellow) or side chain (purple) residues on the
peptide Peptide residues with frequent side chain interactions are labeled in red. Residues outside
of the binding B-strand that are important interaction sites shown in C, are labeled in E.
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Incorporation of physicochemical features and #dmder data improves binding predictions
Based on position preferences described above, we developed an LC8Pred algorithm that
captures common features observed in binding peptides, including size and charge preferences, as
well as features present in the 32 anchor-containing non-binding peptide sequences (Figure 3.6A).
For each matrix, positive values within the matrix indicate that the given amino acid is enriched
in binding sequences and depleted in non-binding sequences, while high negative values signify
depletion of that amino acid in binding sequences, and enrichment in non-binding sequences. The
addition of non-binding sequence information significantly improved the algorithm’s capacity to
differentiate between binding and non-binding sequences; however, with only 32 non-binding
sequences, our data was notably sparse, and separation between the two groups was incomplete.
To improve our differentiation capacity, we binned the 20 amino acids into four categories, and
developed additional PSSMs utilizing these bins, thereby reducing the overall number of matrix
terms. The first PSSM separated amino acids based on polarity, while the second separated
according to volume.

These matrices largely confirm groupings as described in the ‘common feature’ section
above, but with some exceptions. Notably, while there is a preference for large amino acids at the
-3 position, the polarity matrix also shows an enrichment in positively charged residues. In
addition, although the -5 position is the most varied in the matrix, it has a high score for
positively charged residues (Figure 3.6A). This discrepancy is due to the lack of positively
charged residues at -5 in the non-binding sequences, rather than from any strong enrichment of
positive charge in the binding sequences. The -5 position also shows a slight enrichment for very
large amino acids, and is the only position to do so. Crystal structures show that the -5 position is
not buried within LC8’s binding groove, and therefore experiences much less steric restriction
(Figure 3.1B).

Using the described matrices, we scored all known binders and non-binders to determine
the discriminatory capabilities of the PSSMs (Figure 3.6B). Although the amino acid, volume,
and polarity matrices were each moderately successful at separating binding from non-binding
sequences in isolation, the best separation was achieved when every matrix was combined. We
combined the volume and polarity matrices to determine a volume and polarity score, and the
amino acid matrix was used to determine an amino acid score (Figure 3.6B).

Since our goal is to predict partners with high reliability, strict thresholds were used to
determine what constitutes a binder and a non-binder. A minimal score of 12.9 on the amino acid

matrix, and 0.1 on the volume and polarity matrix is used to determine whether a sequence is
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likely to be considered a binder. These thresholds result in only four false positives, and 20 false
negatives with our available data-set, corresponding to a 75% true positive rate, and an 88% true
negative rate (Figure 3.6B). Interestingly, although the volume and polarity matrices only
provide a small increase in accuracy overall at these thresholds, they are extremely proficient at
separating binders from non-binders when applied stringently. A threshold of 2.7 on the volume
and polarity matrix alone results in a 0% false positive rate, while retaining 57% of the true
positives (Figure 3.6B).

Although we achieve an accuracy of 78%, there are a number of outliers: both high-
scoring non-binders, and low-scoring binders. Within the binders, the first sequence,
DDKNTMTD, is from Myosin Va (Figure 3.6B). It is unsurprising that this sequence scores
poorly, as it is the only ‘TMT’ anchor with verified binding data, and therefore has a low score
due to the M instead of Q. On the other hand, binding is likely salvaged by the presence of the
highly favourable amino acids at the other positions, and by the presence of adjacent coiled-coil
domains in the full length protein. The remaining three lowest scores belong to proteins with
multiple LC8-binding sequences proximal to one another (namely ASCIZ, ATMIN, and BSN),
which would facilitate binding of weaker motifs due to bivalency. Within the nonbinders, three
of the four well-scoring non-binders are listed in Figure 3.4D as “other,” indicating that there is
consistency between algorithm predictions, and our ability to recognize binders/non-binders
based on sequence. This also suggests that there are some deleterious interactions that we have
yet to understand, and will require more data to decipher. The fourth sequence contains a
hydrophobic valine at the +2 position (Figure 3.6B, sequence 8), which is very rare, as this
position is often fully solvent exposed and prefers B-strand breaking residues (Figure 3.1B).
While LC8Pred weights valine at +2 negatively (Figure 3.6A), the remaining residues score well
enough to result in the erroneous categorization of this sequence as a binder. Further
accumulation of LC8 binding and non-binding sequences will no doubt help to clarify the
importance of one poorly scoring residue, and improve LC8Pred accuracy. Our LC8 motif
algorithm is available on the database web-page for public use

(http://Ic8hub.cgrb.oregonstate.edu/finder.html) for any sequence of interest.
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Figure 3.6: Generation and testing of the LC8Pred algorithm.

Position specific scoring matrices (PSSMs) for amino acids (A, top), bins by chemical property —
positively charged, negatively charged, polar, or nonpolar (middle), and bins by volume — less
than 106 A3, 122 to 142 A3, 155 to 171 A% and greater than 200 A3 (bottom). Values correspond
to the combined weight at a given position for the binder only matrix and the non-binder-
normalized matrix. (B) Scatterplot of available sequences scored using a leave-one-out method of
cross validation. For binders with a known Kg, the size of the bubble was varied inversely with
the Ky, with binders with a Kq below 0.5 uM represented as the maximum possible dot size.
Binder sequences with an unknown binding affinity were plotted as hollow circles, and non-
binders as red triangles. The light grey box denotes predicted binding sequences using this
scoring system. A second threshold for the volume and polarity axis indicates the very high
confidence region, above which the specificity is unity. Outliers are noted in the tables, and
numbered in the figure. (C) Normalized scores from matrices used to evaluate known LC8-
binding protein Chica, where a score of one equates to the ideal amino acids of physicochemical
properties at all positions. A sliding window to evaluate Chica for predicted binding sites across
the protein was used, with the ‘0’ position within the motif plotted (i.e. at 400, the 0 position is
the 400" amino acid within Chica). A diagram of Chica showing secondary structure prediction
(grey) and LC8 binding sites (purple) is above, and sequences predicted to be likely to bind at the
right, along with their corresponding scores. (D) Venn diagram of human proteins in the LC8Hub
database, proteins which contain at least one LC8-binding sequence as determined by LC8Pred,
and proteins reported to bind LC8 in the protein-protein interaction database Mentha'®°.
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Predictive scores for the human protein Chica: a known LC8 binder

To test the ability of LC8Pred to identify binding sequences, we scored a test protein on each
matrix using a sliding window. For this test we selected Chica, a protein which contains a series
of LC8-binding sequences between residues 400 and 475%. To prevent algorithmic bias, peptides
from Chica were not used in the development of our scoring matrix. Upon applying the LC8Pred
algorithm, six positive scores were returned within Chica (Figure 3.6C). One of these scores fell
far below threshold and was ignored. The remaining five were within the LC8 binding region;
four of which have previously been determined experimentally to bind LC8%. The other is an
SQT-containing sequence that scored below the designated threshold in the amino acid matrix,
indicating that while this particular sequence may bind LC8, the prediction is of low confidence
(Figure 3.6C). These test results provide strong evidence of the discriminatory power of our
algorithm, as it can successfully recognize sequences that bind LC8 while excluding those that do
not.

Human proteome scan identifies 374 potential binding sequences
After determining LC8Pred’s reliability and ability to distinguish potential motifs, we used it to
scan the human proteome to identify high-confidence binding partners. In total, 785 sequences
scored above our PSSM thresholds. These sequences were then further filtered using IUpred to
eliminate motifs within ordered regions. This process yielded 374 high-confidence hits from 338
proteins (SI Table 3.2 — See manusript??). Of these, 36 have been previously described in direct
interaction studies and are listed on our LC8Hub database (Figure 3.6D). A further 19 partners
have been identified in high throughput proteomics studies, such as pull-down mass spectrometry,
including the highest scoring hit (FAM117B)2°2%_ Qur data validate these interactions, and
define likely binding regions within these partners. It is of note that several of the identified
partners contain multiple putative LCS8 sites in close succession. The ability of LC8 to “zip up”
partners with multiple recognition motifs has been described for both Nup159% and ASCIZ®°, and
it is possible that many partners within this list contain weaker LC8 sites proximal to these tight-
binding motifs.

Prior studies on LC8 interactions have noted an enrichment in LC8 partners within the
Hippo signalling pathway™. Our proteome scan has identified these same partners (e.g.AMOT,
WWC1, WWC?2), as well as additional novel binders from the hippo pathway, such as STK4 and
DLGS. Interestingly, this pathway is the only ‘biological process’ significantly enriched in LC8

binding partners, based on gene ontology analysis using the WebGestalt program?,
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In order to verify that LC8Pred is correctly predicting partners, we synthesized three
peptides from SI Table 3.2 (See manuscript??) and tested their capacity to interact with LC8 via
ITC. The three peptides were derived from the human proteins: HTATSF1, a cofactor required
for the Tat protein activation of human immunodeficiency virus transcription; OTOF, a calcium
ion sensor involved in vesicle-plasma membrane fusion and neurotransmitter release, associated
with hearing loss; and NIN, a component of the core centrosome and a dynein activator protein.
These peptides were selected based on their mid-level scores and lack of prior data detailing LC8
interactions (SI Table 3.2 — see manuscript??). All three peptides bound to LC8 (Sl Table 3.4 —
see manuscript??), although only HTATSF1 was a ‘strong’ binder with a fittable thermogram (Kq
of 10 uM). These data support the effectiveness of our LC8Pred algorithm, and demonstrate that
it is capable of predicting binding partners of varying affinities despite non-canonical motifs (S|
Table 3.3).

Discussion

Hub proteins are essential for cell viability as they are central in protein-protein
interaction networks. Dynamic hubs such as LC8 often have a recognizable binding motif, which
should allow for the prediction of binding partners without the need for exhaustive testing of each
individual interaction?!%; however, no such program is available for LC8. Instead, binding
partners are often identified via high-throughput pull-down experiments. For example, the
interaction between LC8 and OFD1 was initially identified via pull-down mass spectrometry
study in cilia?®. In most cases, follow-up experiments for validation of direct binding are not
performed, as it is prohibitively expensive to verify these interactions in a systematic fashion.
Here, we validate purported and previously unreported LC8 binding partners (including OFD1),
measure their binding affinities and thermodynamic properties, and establish a database of known
LC8-partner interactions in order to define and describe generalizable requirements for LC8 motif
recognition. We use these rules, along with amino acid preferences in non-binding sequences, to
develop an algorithm that effectively distinguishes between binding and non-binding sequences,
with the aim of facilitating a priori prediction and discovery of LC8-partner interactions with
much greater confidence and accuracy than has been possible before now. Furthermore, we
validate interactions that reinforce the importance of LC8 within a wide variety of systems, and
demonstrate that LC8 is both localized ubiquitously throughout the cell, and enriched in distinct

regions unrelated to the dynein complex.
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Out of 72 synthesized tetradecameric peptides, we verified binding for 29 peptides
derived from 27 distinct proteins (SI Table 3.3). Of these 27 proteins, 19 are newly identified
LC8 binding partners. It is of note that all of our validated sequences contain the canonical TQT
anchor (or variation thereof) at the C-terminus of the peptide, supporting the idea that a C-
terminal anchor is vital for LC8 binding. Although the LC8 binding site is structurally dynamic,
there are distinct preferences and exclusions for each position within the binding motif (Figure
3.4). In addition to the presence of an anchor, binders often have -4 positions capable of H-
bonding, larger positive side chains at -3 positions, and strand breaking +2 positions. On the other
hand, the presence of pre-anchor prolines, a high concentration of charges, or bulky hydrophobic
groups at the -2 position will each limit the likelihood that a sequence will bind LC8 (Figure 3.4).

Algorithms for motif identifications have been developed for both 14-3-3 and calmodulin
to efficiently predict potential binding partners. In the case of calmodulin, its diverse set of
binding motifs has led to multiple programs?!*-2'%, which predict potential binding partners via a
mixture of sequence similarity to known binders, a-helical propensity, or the number of canonical
calmodulin binding motifs within a given sequence. In the case of 14-3-3, which binds
phosphorylated sequences within disordered segments of proteins, the algorithm makes use of
support vector machines and artificial neural networks?® and scores potential binding sequences
using a PSSM. Here we succeeded in generating LC8Pred, an algorithm with a 78% accuracy
rate, by incorporating non-binder data and by reducing the PSSM dimensionality from 20 amino
acids to 4 physiochemical categories, based on either polarity or volume. We have tested
LC8Pred on the known LC8 binder Chica, as well as by scanning the human proteome. In the
case of Chica, LC8Pred efficiently recognized known binding sites and excluded all other regions
(Figure 3.6C). Our proteome scan identified 338 potential LC8 binding partners, including 19
which have been identified previously via high-throughput proteomics studies (Figure 3.6D, Sl
Table 3.2 — see manuscript??), providing a new set of high-confidence LC8-interacting proteins.
Three peptides were selected from these potential partners and shown to indeed bind LC8.

The ability to bind a wide variety of sequences despite an extremely conserved binding
interface is a hallmark of dynamic hubs, as exemplified by calmodulin®* and 14-3-3 proteins®™®.
Crystal and NMR structures for LC8 show that the B3 strand at the partner binding interface has
the highest sequence conservation (Figure 3.5A), and surprisingly, is also the most dynamic
region (Figure 3.5B). Consistent with the dynamic nature of the binding grooves, thermodynamic
analyses of tight binding sequences demonstrate a wide range of entropy/enthalpy compensation,

including some sequences that bind with a favorable change in entropy, such as ICE1 and VPA4.
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Previous studies on LC8 dynamics of binding to dynein intermediate chain (IC) and the protein
swallow (Swa) show that increases in ordered structure upon binding are peptide-dependent!®2,
With Swa, the complex is more compact, rigid and homogeneous than with IC, indicating that the
IC peptide retains more freedom of motion in the bound state than does the Swa peptide.
Consistent with these observations, IC binds with a favorable entropy, while Swa does not. Our
work here demonstrates that these different modes of binding are not limited to IC and Swa, but
rather that entropic factors commonly modulate LC8 binding to accommodate extraordinary
variation in binding sequences.

Hub proteins like LC8 are essential for cell homeostasis as they sit at the center of
complex interaction networks; therefore, it is imperative to understand the rules that govern hub
protein interactions. The dynamic nature of the LC8 pocket, and entropic contributions to
binding, make it difficult to predict partners with high confidence, and yet it is this very dynamic
characteristic that makes LC8 such a powerfully effective hub protein. Here we have
amalgamated our experimentally verified LC8-binding sequences with all previously described
binding sequences, and developed an algorithm that significantly advances our ability to predict
LC8 partners based solely on sequence. Confidence in a potential LC8-binding sequence can be
further improved by considering the structure and conservation of the binding site, and we have
therefore linked LC8Pred to ProViz, a tool that analyzes protein structure and conservation.
Additionally, it is important to note that LC8Pred is optimized for stringency and predicting tight
binding interactions, and does not account for adjacent oligomerization sites, which would
increase binding affinities. Future versions of the algorithm will incorporate parameters to
account for other factors impacting binding, such as oligomerization state or subcellular
localizations. We also anticipate that the predictive power of our algorithm will improve
dramatically as more LC8 binding and non-binding sequences are identified and deposited in the

LC8hub database, resulting in a comprehensive view of the LC8 hub interaction network.

Materials and Methods

Cell culture and transfection

HelLa Kyoto cells stably expressing LC8-GFP were a kind gift from I. Poser and A.
Hyman (Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany)*sL.
The cells were cultured in DMEM medium with 10% (v/v) fetal calf serum and with 1% (v/v)

Penicillin/Streptomycin. The cell line was routinely checked for mycoplasma contamination
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using LT07-518 Mycoalert assay (Lonza, Switzerland). The identity of the cell line was

monitored by immunofluorescence-staining-based analysis with multiple markers.

Microscopy and image analysis

Live and fixed samples were imaged with spinning disk microscopy, which was
performed on an inverted research microscope Eclipse Ti-E with the Perfect Focus System
(Nikon), equipped with Nikon Plan Apo VC 100x N.A. 1.40 oil objective, Yokogawa CSU-X1-
Al spinning disc, Vortran Stradus 405 nm (100 mW), Cobolt Calypso 491 nm (100 mW) and
Cobolt Jive 561 nm (100 mW) lasers, Chroma emission filters ET460/50m (part of 49021 filter
set), ET525/50m (part of 49002 filter set) and ET630/75m (part of 49008 filter set), ASI
motorized stage MS-2000-XYZ with Piezo Top Plate (ASI), Photometrics Evolve 512 EMCCD
camera (Photometrics), and controlled by MetaMorph 7.7 software (Molecular Devices). Images
were projected onto the camera chip with intermediate lens 2.0x (Edmund Optics) at a
magnification of 0.067 mm/pixel. To keep cells at 37°C we used the stage top incubator
INUBG2E-ZILCS (Tokai Hit). Z-series of live and fixed samples were acquired using a 0.1-um-
step confocal-based scan. Side views were reconstructed by projecting maximum fluorescence
intensities of 24x12-pum side view slices.

Alternatively, fixed samples were imaged using wide field fluorescence illumination on a
Nikon Ni upright microscope equipped with DS-Qi2 camera (Nikon), Intensilight C-HGFI
illuminator (Nikon), ET-DAPI, ET-EGFP and ET-mCherry filters (Chroma), Nikon NIS Br
software, and a Plan Apo Lambda 100X oil NA 1.45 (Nikon) objective. For presentation, images

were adjusted for brightness and contrast using ImageJ 1.47v (NIH).

Localization prediction

Localization information is derived from the COMPARTMENTS program®®, using the
curated “Knowledge-based” evidence category. The list of LC8 binding proteins used matches
the curated list on the LC8 database, described in this paper. Only data with confidence scores of
three or higher (out of five) are included. Cellular compartments are simplified for depiction

purposes (e.g., “Other Organelles” includes Golgi bodies, mitochondria, and so on).

Proteomic peptide phage display (Pr&1®) selections
Phage display selections were performed using a proteomic library designed from the

disordered regions of the human proteome described in Davey et al'%®. Selections were
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performed with minor adjustments. GST-LC8 (0.1 mg/mL in 100 uL TBS, 50 mM Tris-HCI, 150
mM NaCl, pH 7.4) was coated on a Maxisorp 96-well plate (Nunc) via overnight shake-
incubation at 4 °C. Plates were blocked with 0.5% BSA in TBS for 1 h at 4 °C, and washed with
TBS. The phage library was added to the well (100 ul), and incubated for 2 h at 4 °C. Unbound
phages were removed by washing plates 5 times with 300 uL TBS + 0.05% Tween. Bound
phages were eluted by infection into 100 pL log-phase E. coliOmnimax cells (Invitrogen; OD:
0.3-0.8) in 2xYT media (10 g bacto-yeast extract, 16 g bacto-tryptone, 5 g NaCl per liter)
supplemented with 10 pg/ml tetracyclin. After a 30 min shake-incubation at 37 °C, the bacteria
were hyperinfected with M13K07 helper phages for 45 min to allow phage production. Cultures
were transferred into 5 mL 2xYT, 0.3 mM IPTG, and grown overnight with antibiotics (25 pg/ml
kanamycin and 100 pg/ml carbenicillin). The bacteria were pelleted by centrifugation. One mL of
the phage supernatant was extracted and heat inactivated at 65 °C for 20 min. Finally, the solution
was pH neutralized using 10x TBS, and the phage pool was used in the next round of selection.
Five rounds of phage selections were performed in total. The phage pool from the fourth day of
selection was used for clonal phage ELISAs and sequencing. For next-generation sequencing, 5
ul of the phage pool from the fourth day of selection was used as template in a barcoding PCR

reaction. The sample was prepared and analyzed as described in detail elsewhere?®?,

Peptide synthesis

A total of 72 putative binding partners identified from ProP-PD selections and algorithm
predictions were commercially synthesized from either Genscript (Piscataway, NJ), or Synpeptide
(Shanghai, China), as 14-16 amino acid sequences. Non-native residues were added to the termini
of some peptides to facilitate solubility and peptide concentration determination (Tables 3.1 and

3.2, italics). All peptides were derived from either human or viral proteins.

Isothermal titraton calorimetry

ITC experiments for the interactions of LC8 with peptides were performed using a
Microcal (North Hampton, MA) VP-ITC microcalorimeter at 25 °C in buffer composed of 50
mM sodium phosphate, 50 mM NaCl, 1 mM sodium azide, 5 mM B-mercaptoethanol, pH 7.5.
Some peptides contained cysteine residues, so 5 mM B-mercaptoethanol was included in all
solutions for consistency. In all experiments, an initial 2 pl injection was followed by 26-50
injections of 3-10 pl peptide (500 uM) into 25 uM LC8 in the sample cell. Number and volume of

injections were adjusted for each experiment to minimize ambiguity in the shape behaviour of
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isotherms and thermograms. Peptide concentrations were determined from absorbances at 280 nm
using molar extinction coefficient values computed with the Protparam tool on the EXPASy
website®. Peptides lacking aromatic residues were weighed and resuspended in the proper
volumes to ensure 500 uM final concentrations. Protein samples and buffer were degassed before
data collection. Data were processed using Origin 7.0 (Microcal) and fit to a single-site binding

model. Final values for binding parameters are averages of 2-3 independent experiments.

LC8Pred algorithm generation

The LC8Pred algorithm was developed using 79 LC8 binding sequences and 32 anchor-
containing non-binding sequences (SI Table 3.4 — see manuscript??). We selected sequences that
bind LC8 with high-confidence, on which direct interaction data are available. In addition, all
sequences with a Kq above 25 uM were not included. The TQT (or variation thereof) anchor-
containing non-binders were those peptides shown by ITC to have no binding to LC8.

In addition, a new series of matrices were developed which binned amino acids into
categories based on physicochemical properties. Specifically, a matrix that separates amino acids
into positively charged, negatively charged, hydrophobic, or polar and uncharged, and a matrix
that separates amino acids into four groups based on volume, with volume bins being selected to
minimize the range of volumes within each bin. We built these matrices to overcome the
limitation of our small dataset, as reducing the number of groups from 20 amino acids to 4
possible properties improves the likelihood that some information is available for a given position
and a given property within the motif.

In total, 6 matrices were developed, two for each set of bins (amino acid, polarity,
volume). For a given bin, one matrix was normalized to the background frequency of a given
amino acid or a given property within the disordered eukaryotic proteome taken from the DisProt
database of intrinsically disordered regions?t®. For the other matrix, normalization was done for
the frequency of a given amino acid or property in the non-binder dataset. As non-binding
sequences were selected based on the presence of an anchor, there is no enrichment or depletion
at the anchor positions of -1 to +1. These positions were therefore ignored in these matrices.

To simplify our scoring system, we combined the matrices into two simple scoring
metrics, Sa and Syp, Where Si, is @ combination of the two matrices that use amino acid type bins,
and Syp is @ combination of the four matrices that use volume or polarity bins. To determine how
effective each individual matrix was at separating binding and non-binding sequences, we scored

our available sequences using leave-one-out cross validation, where a given sequence was
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excluded from the matrix, and then scored. The leave-one-out approach was used to combat the
difficulty of our limited dataset.

We used receiver operating characteristic (ROC) curves (Sl Figure 3.1) as a metric of the
effectiveness of each score. The area under these curves corresponds to the ability of each matrix
to separate binding sequences from non-binding sequences. We then combined scores into the Saa
and Sy, scores described above, where each individual matrix score was weighted through a grid-
search of possible weights, where the largest area under the ROC was taken to be the optimal
weight for each score. Surprisingly, the area under the ROC curve was highest when the binder-
only polarity matrix was removed from the Sy, Score. Positions -1, 0 and 1 are therefore not
weighted in the polarity matrix (Figure 3.6A), because the non-binder normalized matrix was also
excluded at those positions due to a lack of anchor enrichment, as discussed above.

Improved Algorithm Generation

We aligned 79 experimentally confirmed LCS8 binding sequences (Table S4). Only ‘strong’
binding sequences (Kq < 25 uM) were selected so that the final algorithm provided only high-
confidence hits, rather than being exceptionally permissive; however, this means that many weak
binding sequences will be overlooked. Aligned motifs were defined as an eight amino-acid
peptide sequence 1, stretching from the -5 to the +2 positions relative to the anchor Q residue,
thereby defining the “0” position of each binding sequence as the Q in the canonical TQT motif.
We used these binding sequences to generate a PSSM with weights, @ , for a given amino acid,
@ at position, "Qsuch that | "Q  cOwithin each instance of the motif. These weights (eq. 1) define
a log-likelihood score comparing the frequency of the amino acid at that position in the binders,
6 , to the background frequency of amino acid, O , across disordered eukaryotic proteins found
in DisProt, a database of intrinsically disordered proteins and regions . A positive weight at a
given position and amino acid indicates that that amino acid is enriched at that position, relative
to a random occurrence rate. Likewise, a negative weight indicates that the amino acid is depleted

at that residue.

© 1 71GC— eq. 1

6 is taken as the number of counts &  plus a pseudo-count Ohover the total number of
counts at position "QPseudo-counting was primarily used to fill gaps in the matrix, and a value of

5 was selected for ‘O based on prior work in the field (eqg. 2)".
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The frequency matrix & is then used to compute w as in eq. 1. In addition to a matrix
informed by known binding sequences, we assembled a matrix normalized to nonbinding
sequences, each determined via ITC to not bind to LC8. We aligned 32 anchor-containing
sequences in the same manner as above and used them to generate a PSSM with weights

¢ hincorporating both binding and nonbinding sequences. For this matrix, instead of the
background frequency of a given amino acid, the frequency within the binders was normalized to

the frequency 0  of the same amino acid in the non-binders (eq. 3).

) 11T G— eq. 3

Nai was assembled in the same manner as 6 , using non-binding sequences, and the resultant
PSSM provides log-scale scores that reflect relative enrichments for each amino acid at a given
position in the known binding sequences, versus in the known non-binding sequences. A
positive @ value corresponds to an amino acid at a given position being relatively enriched in
the binding sequences, while a negative value corresponds to it being enriched in non-binding
sequences.

To further improve our ability to differentiate binders and non-binders, we built
additional PSSMs that binned amino acids into four categories. First, PSSMs were assembled
based on properties of charge and polarity, with a bin for positively charged (H,K,R), negatively
charged (D,E), polar (C,N,Q,S,T,W,Y), and hydrophobic amino acids (A,F,G,I,L,M,P,V). In
addition, another set of matrices was assembled based on amino acid volume, also with four bins:
very small: less than 106 A3 (A,C,G,S); small: 122 to 142 A3 (D,N,P,T,V); medium: 155 to 171
A3 (E.H,1,K,L,M,Q); and large: greater than 200 A3 (F,R,W,Y;?'". Groupings for amino acid
volume were chosen to minimize the range of volumes within a given group.

In this manner, a total of 6 PSSMs were constructed, two each corresponding to amino
acid bins, polarity/charge based bins, and volume based bins. For a given input sequence, each
matrix returns a score, equivalent to the sum of the weights at the relevant amino acids and
position (eq. 4). For clarity, each matrix was given a subscript, “Y for the matrices built using

only binding sequences, and Y for matrices using both binder and non-binder data. The polarity
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and charge matrices were indicated witha P ("Y h"Y ), and the volume matrices were indicated
withaV (Y RY
YN B ®W R eq. 4

To simplify the output of our scoring system, we simplified our output to two scores.
The first metric used the first two matrices described, which scored input peptides on their amino
acid sequence (eqg. 6). The resultant score, Y 1] , is the sum of the scores for both the binder-
only matrix & and the non-binder normalized matrix & across all positions “Qn the motif.
Both scores are modified by weight factors (R, respectively) that were optimized using a
ROC curve computed using leave-one-out cross validation, whereby a separate set of weights

® pfo  was calculated at the exclusion of each peptide.

Y N B | © 5 | 0 eg. 5

The second metric scored sequences based on their volume and polarity properties, using values

from our four additional PSSMS score (eq. 7). The score “Y (p) combines scores from a
background frequency normalized matrix with polarity bins @ , a non-binder normalized
matrix with polarity bins @ , as well as equivalent matrices using volume bins @ h®

These were also modified by weight factors,| ,| ,| |

Y on B | w aol w aol w Ao w A eq.6

To test our approach, we scored our training sequences using leave-one-out cross validation,
where one sequence was omitted from the training set used to generate each scoring matrix. The
omitted sequence was then scored on the PSSMs generated, with this process repeated for every
peptide used. Scoring was evaluated via an ROC curve. The area under the ROC curve (AUROC)
corresponds with the score’s ability to separate true positives — sequences which do bind LC8 and
which also score as binders — from false positives — sequences that do not bind, but still return a
positive score. The larger the AUROC, the greater the ability of the score to differentiate binding
from non-binding sequences (SI Figure 3.1). Using the AUROC as a metric for PSSM
effectiveness, we did a grid search of possible weight factor values for equations 5 and 6. The
arrived at| values are as follows:| =1,] ™ Y mh T, | =0.37,] =
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0.22. Notably, the settled on| for the polarity matrix that used only binding sequences was
optimized to 0, indicating that the binder-only polarity matrix did not improve the ability of “Y
to separate binding and non-binding sequences.

Additionally, we used the AUROC to determine that the non-binder normalized scores
® ho hao hadanegative impact on the effectiveness of our scoring when included at the
-1, 0 and +1 position in the matrices. As the non-binding sequences were selected for the
presence of a TQT anchor, there is effectively no relative enrichment for any amino acid or
physiochemical property at those positions in the associated PSSMs, and we therefore excluded
those scores at the positions in question.

The LC8 Motif Repository

We have manually curated a database that compiles information for all known LC8 binding
partners. Including the 19 binding partners identified in this work, there are currently 80
experimentally confirmed LC8 interacting partners containing 116 individual anchor motifs. Of
these binding motifs, 98 have been confirmed by in vivoor in vitro experiments, with a further 18
identified through biochemical screening methods. The database serves to (1) provide a source of
up-to-date information on LC8 and its cellular role, (2) organize and classify LC8 binding
proteins in an easily searchable manner, and (3) list the sequences of all TQT motifs to aid in
identification of new binding partners. Access to the motif repository is available at
http://LC8hub.cgrb.oregonstate.edu. For each protein, the following information is provided: the
species, TQT peptide sequence, number of motifs in the protein, Protein Data Bank (PDB) ID (if
a structure exists), reference link, and interaction type. The interaction type has three levels of
classification, depending on the method by which the LC8-partner interaction was identified: (1)
High throughput biochemical method, such as yeast-2-hybrid, where the interaction has not been
confirmed by in vivoor in vitro experiments; (2) in vivoexperiments, such as mutation or
knockout experiments, where a function for the LC8-partner complex has been identified; and (3)
in vitro experiments that determine the binding affinity, structure, or other information about the
LCB8-partner interaction. Additionally, sequences of interest can be tested at LC8Hub by inputting
a .fasta file or a string of letters corresponding to the protein sequence of interest. Output provides
both the S# and the S*P scores, as well as indicating sequences that are likely to bind LC8
according to available data. Lastly, sequences determined to either bind or not bind LC8 despite

the presence of an anchor sequence can be submitted for incorporation into the database. It is our



87

hope that the information in this database will facilitate research on LC8 and, by enhancing our

understanding of the TQT motif, enable more robust prediction of new binding partners.

Structure and motif analysis

Structures of LC8 were obtained from the Protein Data Bank (free LC8 PDB codes: 1PWJ,
1PWK, 1RES6, 3BRI, 5WOF; bound to peptides: 2XQQ, 4QH7, 3E2B, 2P2T, 3BRL, 3DVP,
3P8M, 3ZKE, 4D07, 4HT6, 5EOM). All images were generated using PyMol?8, Peptides without
structures available were built in silico using Chimera?*®. Peptides in Figure 3.4 are colored
according to enrichment and depletion tables for amino acids, shown in Figure 3.6A (blue for
scores > 1, white for scores between 1 and -1, and red for scores < 1). Solvent accessible surface
area analysis was performed using a representative LC8 crystal structure (2XQQ) with the
GETAREA program 22, Protein charge potential was calculated for LC8 using PyMol’s built-in
charge-smoothed potential calculator. Two-dimensional lig-plots were generated using
ChemDraw.

Alignment of LC8 structures was done using the Ensemblator®*” program, and the root
mean squared deviation (RMSD) for residues in free LC8 structures (listed above) was calculated
using the built-in local alignment tool. This tool works by aligning each dipeptide within the
protein and calculating the RMSD for the next amino acid within the protein sequence. A
representative structure was then colored based on these values to demonstrate structural
conservation. Sequence-based conservation was performed using ConSurf'®’, with LC8 sequences

from 58 different eukaryotic species.
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performed substantially better than each volume and polarity matrix individually, which suggests
that volume and polarity are both essential to understanding the preferences within the LC8 motif.

Uniprot
Q8WWNS8

043521
Q96G01
Q92904
Q92499
Q965C8
Q72589
Q9Y527
QIY2F5
P35568
043526
Q9P266
P49862
Q8NEZ4
Q2TV78
Q02505
Q9HC84
Q9HC84
Q6ZRIO0
Q8NDX5
P14859
Q9ULJ8

Gene
ARAP3
BCL2L11
BICD1
DAZL
DDX1
DMRTA2
EMSY
HCFC2
ICE1
IRS1
KCNQ2
KIAA1462
KLK7
KMT2C
MST1L
MUC3A
MUC5B
MUC5B
0TOG
PHC3
POU2F1
PPP1R9A

Peptide
TQTPGFPTQPPATSS

DKSTQTPSPPAQAFN
KLNGDYRTPTLRKGI
KRVHHFRRSRAMLK
TQTKFLPNAPKALIVE
LSSRSAFSPLQPNAS
TQTINTTTQKVIVTT
VIPETSVSSTVSIQT
ELRHIGTQISSDSYG
LPRKVDTAQTNSRL/
VPMYSSTQTYGASR
TQTSFSEEPQSSQLL
STQTHVNDLMLVKLN
SVSTQTASDDQAGKL
TANTTTAAYLASVGT
LTSATGIQTSPAPTT\
LTSTATKSTATSVTP
SSSTQTSGTPPSLTT
LTASQLPAGPTESP/
SSVSTTTSSTTTTTIT
TGTQINGLDFQKQP\
TDGSVVKLESSVSEF



Q01973
QOH4B6
Q96FV2
Q8TEC5
Q96R06
Q96JG9
Q99814
Q86VQ1
P93088
Q2KHR3
Q5VU36
Q9H2K8
Q6ZU65
Q9Y4F4
Q13618
Q99102
Q9P2G1
P07359
Q9HC84
Q02817
Q9BWV3
Q8NBH?2
075665
Q72222
AOFGR9
Q13952
Q9Y4K1
Q6IMNG
P53350
QIUBY0
P48436

S| Table 3.1: Binding enriched peptides from proteomic peptide phage display.

ROR1
SAV1
SCRN2
SH3RF2
SPAGS5
ZNF469
EPAS1
GLcCIl
MUC5AC
QSER1
SPATA31A5
TAOK3
UBN2
FAM179B
CUL3
MUC4
ANKIB1
GP1BA
MUC5B
MUC2
ciz1

KY
OFD1
EFTUD1
ESYT3
NFYC
AIM1
CAPRIN2
PLK1
SL9A
SOX9

SGGNATQTTSLSASF
FLRTPIQRTPHEIMRI
LPRFQTQ\DRRHTLY
TLVSTASG@QTVFPSK
STQIDTSHSGITNKLS
AAALPEETRSSRRRI
STQTDFNELDLETLA
TRSIDTQTPSVQERS
VTSSITSTTQTSTTSA
SQTVTPENQTLNYS!
GTVPQSLSPHEDLV;
PSMSVSTEQSSSVNS
SQMNPVVKLSNNPQL
QQTFGQTEATSSNG
SGRQLTLQHHMGS
STQTTRESQTSTLTH
SSQTPQTSSDWLEG
TATQTTHLELQRGRC
LTSTATKSTATSFTP
GIQTPTTTPITTTTTV
VSTQTGSMTGQIPRL
TSYNSQGQLTVEVHF
SANMEQTSSTFNRD
TGSQTFDSFPPETQA
VSRSTTTTTSATTVA
| TQTEVQQGQQQFS
SFVLPVESTQDVSS(
STQTPPQCQLPSIHV
LQTDPTARPTINELLR
GTQTSGLLQQPLLSK
SQYDYTDHQNSSSY
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2 Peptides identified from next generation sequencing of binding enriched phage pools as well as
peptides identified by ELISA experiments are shown. Phage display hits validated via ITC are
highlighted in grey. Motif anchors are underlined.



UniProt Gene 8AA Sequence
Q6LCS3 E4 (HPV) EDKQ@QTP
043521 BCL2L11* CDKI QTP
043719 HTATSF1 KDGDQTD
075665 OFD1* CNMEQTS
P07359 GP1BA LTTATQTT
P11193 VP4 (Rotavirus A) NDISTQTS
P13500 CCL2 LDKQQTP
P16289 L (RAV)*? ISRMTQTP
P18583 SON RCVS/QTD
P80098 CCL7 LDKKTQTP
Q01973 ROR1 GNATTQTT
Q02505 MUC3A SATA@QTS
Q05127 VP35 (EBV)*? RNSQQTD
Q6IMNG6 CAPRIN2 TTASTQTP
Q86VvQ1 GLCCI1 RSIDTQTP
Q8IXo7 ZFPM1 SDK&QTP
Q8N4C6 NIN RTSETNTP
Q8WWNS8 ARAP3 TGLPTQTP
Q96R06 SPAG5* QDSIQTD
Q99102 MUC4 WTRSQTT
Q9HC10 OTOF SSTEVQWE
Q9UBYO0 SLC9A2 REK@QTS
Q9ULV3 Clz1* RSVI QTG
Q9UPAS BSN!!* AEFSTQTP
Q9UPAS BSN*a ANYGQTE
Q9UPAS BSN!!*a VAQG QTP
Q9Y2F5 ICE1 RHIGTQIS
Q9Y2H9 MAST1* RHQ¥QTE
Q9Y4F4 TOGARAM1 QTF&GQTE

S| Table 3.3: LC8 binding sequences identified and verified in this study.
2 Peptides synthesized to validate previous data, not based on predictions. Motif anchors are
underlined. * denotes sequences previously identified.
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Introduction

An organism’s interactome describes the entire set of protein-protein interactions that
occur within a cell. For example, in yeast 6,000 proteins participate in approximately 16,000-
40,000 binary interactions??222, These interactions are not evenly distributed, and are best
described by a power law, where-in most proteins interact with a few partners, whilst some sit at
the center of complex interaction networks??, The centrality of a protein arises from both its
essential function and its pleiotropy. Knock-outs of central proteins, termed ‘hubs’, are either
lethal, or lead to multiple unrelated deleterious effects??.

Hubs can be static (“party” hubs) or dynamic (“date” hubs). Static hubs bind many
partners simultaneously at different sites, for example BRCA2'’. Dynamic hubs typically bind to
linear motifs within intrinsically disordered regions (IDRs), and have multiple partners that
compete for the same site’®°, While dynamic/date hubs are the most commonly used terms to
define this class of proteins, we suggest using the more descriptive and specific term ‘linear
motif-binding hubs’ (LMB-hubs)?®, due to their propensity to interact with short linear motifs at
a single, highly conserved binding interface??. Well-known examples of LMB-hubs include
calmodulin, 14-3-3, and SH3 domains®®82227. A more recently discovered and characterized
member of this class is the dynein light chain LC82%%,

The more than 100 experimentally verified binary LC8-partner protein interactions??
include a large number of intrinsically disordered proteins (IDPs) regulating multifarious
functions, including intracellular transport (dynein intermediate chain)?>3%4 nuclear pore
formation (Nup159)%, and transcription (ASCIZ)57-%°, Additionally, LC8 is highly expressed
across a wide variety of cell types™, and LC8 partners are broadly distributed within individual
cells?™, In addition to broad expression patterns and diverse functions, steadily increasing
evidence indicates the importance of LC8 for a variety of viral infection cycles®®:8889.119,

As obligate intracellular parasites, viruses are incapable of producing all of the
components necessary for their own replication; their success is based on an ability to infect and
utilize host machinery. In the most limited circumstance, this entails initial implantation and
endocytosis of the virus, appropriation of replicative molecules such as ribosomes or
polymerases, silencing or avoidance of host immune responses, the formation and packaging of
nascent viruses, and dissemination of the new viruses to additional cells or hosts. Each step
requires a multitude of interactions with host proteins and pathways, and incredibly, often

proceeds efficiently despite the severe discrepancy in genome and proteome sizes between the
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virus and its host. While the intricacies of every host-virus pair are different, the importance of
linear motif binding-hubs (LMB-hubs) in this process is rapidly becoming apparent. Here we
outline some of the defining features of LMB-hubs using LC8 as our model, and describe how

viruses take advantage of these features to efficiently hijack their hosts.

Key Features of LMB-Hubs

LMB-hubs have dynamic binding interfaces in otherwise rigid structures

A defining feature of LMB-hubs is that one specific binding site accommodates many
diverse partners. This requires either a very open, nonspecific interface, or a highly plastic
binding groove. Prime examples are major histocompatibility complexes I and 1l (MHCs), a set of
proteins integral to the adaptive immune system. They function by extracellularly presenting
antigens from potential pathogens for recognition by the appropriate T-cells. This involves
cutting pathogen proteins into short peptides, and loading them onto a variety of different MHC
isoforms. Although MHCs are polygenic and polymorphic??, it is infeasible for such a small
number of proteins to bind and present the wide variety of peptides derived from foreign proteins
without considerable promiscuity in their recognized linear motifs??°, Studies on the cornucopia
of MHC crystal structures have noted that B-factors, which can act as a proxy for dynamics, are
surprisingly high within the MHC binding groove®. This suggests that MHC-binding of diverse
peptides is facilitated by a plastic binding interface. Indeed, analysis of the stability of the
interface before and after binding indicates that free MHC molecules are significantly more
dynamic, and have structures stabilized by bound peptides?. Although LMB-hub plasticity is
perhaps best characterized in MHCs, this general feature is observed in many LMB-hubs?32-2%,

LC8 interacts with an eight amino-acid recognition motif within intrinsically disordered
regions of its partners. While there is substantial variation in this recognition motif, it is most
frequently anchored by a TQT sequence (termed the “motif anchor”)*. A thorough analysis of the
motif preferences of LC8 can be found in Jespersen et al?%. As in the case of MHCs, an
abundance of structural data facilitates analysis of the structural heterogeneity in free and bound
LC8 (Figure 4.1). We used the Ensemblator®*’ to align independently determined 3D structures
and identify regions of structural conservation or plasticity. By overlaying the protomers from
five published crystal and NMR structures of free LC820191192 we observed that the B-strand that
directly binds to partners is highly variable (Figure 4.1), and has the highest RMSD value

between structures. On the other hand, an overlay of 17 structures of LC8 bound to peptides



95

demonstrates that partners greatly stabilize and regularize the binding interface (Figure 4.1).
Interestingly, despite the plasticity of the binding groove, a comparison of regions of conservation
within LC8 reveals that the general features of the groove are strictly conserved across organisms
as evolutionarily distant as Giardia lambliaand Homo sapiengFigure 4.1)?2. Residues near the
dimeric interface/partner binding site are noticeably more conserved than peripheral regions. In
fact, due to hub protein centrality and essentiality, these binding sites are often very highly
conserved?®®, This leads to an intriguingly contrasting idea that LMB-hubs are structurally plastic,
but conserved in sequence. It therefore appears that the conserved attribute is the ability of the
hub-partner complex to dock onto the hub and/or partner protein in/near the interaction site.

In a parallel example, the catalytic subunit of the serine/threonine protein phosphatase
calcineurin (PP2B or PPP3) contains an LMB site favoring a PxIXIT motif (Figure 4.1)%%:2%,
Partners encoding this motif target calcineurin to a wide variety of substrates and regulators.
Upon binding, disordered partners form a B-strand and fit within a small binding groove®®. Like
LCS8, the available crystal structures indicate that the binding groove is the most plastic region of
the free protein (Figure 4.1). Unlike LC8, calcineurin is an enzyme, and displays broad
conservation throughout the active site, as well as within the binding groove (Figure 4.1). It is
remarkable that some of the most sequence-conserved regions of calcineurin and LC8 are also the
most structurally variable parts, and supports the hypothesis that this structural plasticity allows

accommodation of a diverse set of partners with a wide range of properties.
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Figure 4.1: Sequence conservation and structural variability in LMB-hubs.

A comparison of the sequence (left), and structural conservation for free (middle) and bound
(right) LMB-hubs. Some of the most conserved regions in terms of sequence, are some of the
most variable structurally for both free LC8 (top) and calcineurin (bottom). The binding region is
significantly stabilized when bound to peptides, suggesting that the plasticity is functionally
useful for facilitating binding of diverse sequences. Conservation analyses were performed using
ConSurf'®” on 500 sequences with sequence identities ranging from 40% to 95%. Structural
conservation was measured using the Ensemblator’s global overlay tool*¥ on available structures
for free calcineurin (4 structures), bound calcineurin (8 structures), free LC8 (5 structures), and
bound LC8 (17 structures).

Dividing LMB-hubs into enzymatic and structural categories

While LMB-hubs are defined by their interactions with short motifs typically situated in
disordered regions of proteins, hub-partner interactions are amenable to the same functional
categorization as other proteins. In particular, segregation of enzymatic proteins (such as
phosphatases and kinases) from structural, chaperoning proteins (such as heat shock proteins and
PZD domains). We refer to these two groups as enzymatic LMB-hubs and structural LMB-hubs,
respectively. The key point of differentiation is the transient nature of the enzymatic interaction,
in which recognition sequences are bound until modified in the enzyme reaction. The transient

nature of their interaction means that many diverse partners can be bound to the same hub protein
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in a short time. One well-known example is the serine/threonine-specific protein kinase B (PKB,
also known as AKT1). PKB is a key basophilic kinase that plays a role in cell survival, cell cycle
progression, metabolism, and apoptosis?®® by targeting and phosphorylating proteins with a
minimal consensus sequence of RXRxxS/T2424L While it is far from the fastest enzyme?#, the
entire binding, modification, and dissociation process occurs on the order of milliseconds?®,

Structural LMB-hubs are concerned with formation and stabilization of higher order
protein associations (Figure 4.2). This function is comparable to roles described for intracellular
chaperones like heat shock proteins (HSPs), which stabilize protein tertiary structure. While the
most noted function of HSPs is the facilitation of protein folding, they are also involved in protein
degradation®** and prevention of deleterious protein aggregation?*. “Consensus” motifs are often
highly variable, and indeed, the heat shock cognate 71 kDa protein (HSC70) has two different
described consensus motifs. Proteins containing an accessible KFREQ-like sequence interact with
the peptide-binding domain of HSC70, leading to their translocation into lysosomes and eventual
degradation¥¢247, On the other hand, sequences rich in accessible bulky hydrophobic groups and
positively charged residues, but lacking negatively charged residues, can bind to HSC70 to
activate its folding activity?48.24°,

While HSPs stabilize tertiary protein structure, PDZ domains are involved in stabilization
of quaternary protein structure. PDZ domains are 80-90 amino acid domains that occur within a
wide variety of proteins. While there is variability in the binding motif based on PDZ class, they
all bind to the four C-terminal residues of the protein, typically consisting of an xx®* motif
(where ‘@’ is a hydrophobic residue, and ‘*’ is the C-terminus)®°. Interestingly, PDZ domains
often arise as repeating clusters within a protein, providing scaffolding to construct large,
macromolecular assemblies??. For example, photoreception in the eye of Drosophilaspecies is
dependent on the INAD protein??, which encodes 5 separate PDZ domains. These PDZ domains
work together to recruit various key components of the photoreceptor transducisome, as well as to
promote oligomerization of INAD?3%% making them integral to transducisome structure. Unlike
enzymatic LMB-hubs, stabilization of large molecular assemblies often requires integration of
structural LMB-hubs like PDZ domains within the complex, and partners of structural LMB-hubs
are consequently competing directly for limited hub pools.

At the systems level, network analyses indicate that LMB-hubs act as stabilizing
chaperones by organizing and connecting biological processes and pathways. Removal of hub
protein “nodes” in interaction networks tend to make systems much more sensitive to additional

perturbations?®. This suggests that the structural plasticity of LMB-hubs binding sites endows a
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functional adaptability that allows cells to efficiently respond to various requirements. We
therefore propose that LMB-hubs are particularly important to a cell’s ability to respond
effectively to external stimuli such as increased salinity or temperature. Unfortunately, knock-
outs (or even knock-downs) of hubs are often lethal 25625 which complicates experimental tests
of the importance of hubs in the response to external stimuli. Intriguingly, recent work by King et
al.”? reports the generation of a limb bud mesoderm-restricted conditional knock-out of LCS8,
resulting in a potentially very informative animal (and cell-line) model. Although these cells are
not yet fully characterized, preliminary analyses indicate that knockouts of LC8 lead to
impairments in the Hippo signaling pathway’2, amongst other things. This is consistent with
previous data suggesting an strong enrichment in LC8 binding proteins within the Hippo
pathway®, which is partially responsible for the regulation of cell growth and apoptosis?®.
Further studies are warranted to identify the broader impacts of removing highly central hub
proteins.

LC8 can be firmly placed within the category of structural LMB-hubs (Figure 4.2). As an
example, LC8 is perhaps best known for its role as a light chain in the dynein complex?, wherein
it brings two protomers of the dynein intermediate chain together, stabilizing the essential
quaternary motor complex!®2%, Experiments with the yeast dynein complex found that deletion of
LC8 led to a significant decrease in complex formation, decreased velocity and processivity for
the motor, as well as increases in dynein heavy chain aggregation®. Notably, the phenotype for a
knockout of Ic8 was equivalent to a knockout of both LC8 and the dynein intermediate chain,
indicating that LC8 acts as a small lynch-pin for the whole complex. Parallel examples can be
seen with the centriolar protein Ana2, and the syntaphilin protein involved in mitochondrial
mobility and inhibition of syntaxin-1. In the case of Ana2, LC8 interactions lead to
tetramerization of Ana2, facilitating interactions with downstream partners like Sas6é and mud,
and eventually contributes to correct spindle orientation®"?°, For syntaphilin, interactions with
LC8 stabilize a coiled coil structure proximal to the LC8 binding site, and allows it to recruit and

anchor axonal mitochondria for synaptic regulation’.
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Figure 4.2: Functions for structural LMB-hubs.

Models depicting the role for structural LMB-hubs, using LC8 interactions as an example system.
LC8 binds to disordered chains at the recognition motif, causing the formation of an adjacent
coiled-coil (in swallow, top)8, a self-association domain (in the dynein intermediate chain,
middle)?®, or an additional binding event (in IC and Nup159, bottom)?:2,

LMB-hubs concentrations are tightgontrolled and feedbaetegulation may be common

Since LMB-hubs form 1:1 complexes with many partners, several questions arise: How
can many different partners bind the same LMB-hub when they all compete for a common
binding site? With a limited pool of each hub, how does a cell allocate sufficient protein for each
function? For enzymatic LMB-hubs, the case can be made that transient binding facilitates the
maintenance of sufficient pools of hub protein. However, structural LMB-hubs tend to be
integrated into high order complexes where they are inaccessible to other partners. Interestingly,
for many hub proteins there is evidence for “just-in-time” synthesis?’, i.e. protein expression is
commensurate with the cell’s needs, suggesting that hub protein concentrations are delicately
balanced and exquisitely controlled. For the vast majority of hub proteins, such regulatory
systems are not well described; however, we hypothesize that feedback loops allowing for LMB-
hub self-regulation are common. A prime example of hub protein self-regulation can be seen for
LC8 regulation by the transcription factor ASCIZ (ATMIN-Substrate Chk-Interacting

Zn?* finger)®°.
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ASCIZ is an 88 kDa protein identified as a transcription factor for the hub protein LC8¢,
Recent mouse experiments demonstrate that LC8-1 (the more highly expressed of two LC8
isoforms) germline knock-outs lead to death early in embryogenesis, while a conditional
knockout can proceed with severe developmental defects’2. Additionally, ASCIZ knockouts
display identical, but attenuated, phenotypes, suggesting that the most essential role for ASCIZ is
regulation of LC8 concentrations within the cell”. Structural work on the LC8-ASCIZ complex
reveals a remarkable number of LC8 binding sites (11 within human ASCIZ) and shows that this
multivalency is important for regulation of LC8 concentrations within the cell®. Although the
specifics of this regulation still require further research, it appears that when LC8 concentrations
are high, the full complement of ASCIZ binding sites are occupied, leading to inhibition of
transcription of the LC8-1 gene (Figure 4.3). Conversely, when LC8 concentrations are low, the
linear motifs on ASCIZ are largely unoccupied, leading to LC8 transcription and translation®®.
Seemingly, LC8 is part of a feedback loop tightly regulating its own concentrations within the
cell.

Although the LC8-ASCIZ interaction is one of the most explicit examples of LMB-hub
feedback regulation, indirect routes of self-regulation can be identified for many other hubs. For
example, the plant protein RCD1 (Radical-induced Cell Death 1) interacts with a
(DE)x(1,2)(YF)x(1,4)(DE)L motif in disordered regions in many transcription factors?®!. Knock-
outs of RCD1 result in pleiotropic effects in a variety of stress and developmental pathways. One
particularly well studied system involves the generation of ROS (reactive oxygen species) from
mitochondrial dysfunction. High concentrations of ROS cause inactivation, aggregation, and the
eventual degradation of RCD1. RCD1, in turn, binds to and inhibits various transcription factors
tasked with production of MDS (mitochondrial dysfunction stimulon) genes, whose role is to
ameliorate the production, and control the impact, of ROS?%2, Thus, when RDC1 concentrations
are high, production of MDSs is decreased, leading to increased ROS, which in turn facilitate
RDC1 degradation. We hypothesize that as the regulatory pathways for various LMB-hubs are
more adequately described, similar feedback loops will be found, and illustrate the importance of
self-regulation for these highly sought after hubs. Due to their importance, LMB-hub motif
preferences are often thoroughly studied, leading to the generation of partner prediction
tools?2210212 |t js therefore possible to combine information about gene regulation with partner
predictions to identify potential feedback loops.

14-3-3s are a family of structural LMB-hub proteins involved in cell-cycle control, signal

transduction, protein trafficking, and apoptosis, among other things?®32%4, They are often dimeric,
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and usually bind to phosphorylated partners at a basic and proline-rich motif?>2¢°, Binding
facilitates partner protein folding, localization, and stimulation or inhibition of downstream
interactions®. Previous work describing motif preferences for 14-3-3 has led the development of
a motif predictor, 14-3-3-Pred, which uses a combination of position-specific scoring matrices,
support vector machines, and artificial neural networks to predict likely 14-3-3 binding sites?%°.
Importantly, it has been effectively used to identify actual 14-3-3 motifs in various
partners/systems?6267 \We have therefore examined ATF-1, a cyclic-AMP response element
binding transcription factor known to regulate intracellular 14-3-3¢ concentrations®®®, and
identified a high-probability 14-3-3 binding motif within this transcription factor. Additionally,
the likely binding motif occurs at a known phosphorylation site (S63, UniProt code: P18846)
previously associated with enhanced ATF-1 transcriptional activity?6°27°, These data suggest that
14-3-3s may also have a self-regulatory mechanism (Figure 4.3), supporting our hypothesis that
LMB-hub self-regulation is a common requirement for effective regulation of intracellular hub

concentrations.
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Figure 4.3: Structural LMB-hub transcriptional self-regulation.

In the proposed models of LC8 regulation via the transcription factor ASCIZ, and 14-3-3
regulation via the transcription factor ATF-1, low concentrations of the structural LMB-hub
would result in a free version of the transcription factor, facilitating increased hub protein
production. When hub concentrations are high, binding to the transcription factor would turn off
hub production. We hypothesize that this a common regulatory tactic for structural LMB-hubs.
Red helices represent DNA-binding domains, green lines are IDRs, grey double-helices are DNA,
Small ‘Ps’ are phosphorylated residues on ATF-1, and LMB-hubs are shown in dark blue.
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Viral Hijacking of Host LMB-Hubs

In the first section, we described how structural LMB-hubs have dynamic binding
interfaces, conserved motif binding sites, integral roles in stabilizing proteins and
macromolecular complexes, and are tightly regulated within the cell. We propose that these traits
make LMB-hubs efficient targets for viruses looking to hijack a cell. The feasibility and
advantages of viral hijacking of host LMB-hubs are outlined below.

Fast viral mutation rates facilitate the evolution of linear motif mimicry in viruses

One of the qualifying features of a linear motif is its short length, from three amino acids
in the case of KEN-box binders like CDH1?™, to a rare but variable 18 amino acids in WH2 motif
bound by actin?2. Therefore, generation of a novel LM in a viral protein often requires only a
couple of missense mutations. In contrast to eukaryotes, whose emphasis is largely conservation
of sequence with slow, stochastic mutagenesis (10 mutations per position per cellular generation
for humans)?”, viruses often encode low fidelity polymerases and emphasize adaptability (10-°-
10% mutations per position per generation)?’*. A high mutation rate and short sequence
requirement results in a high concentration of LMs. In fact, it has been demonstrated that viruses
participate in more domain-motif interactions, bind more unique LMB-domains/residue, and have
a higher concentration of unique LMs/residue than eukaryotic proteins??.

Due to the ease of LM genesis, convergent evolution of viral LM-LMB-domain
interactions is common?7>276 even within a single viral family. The papillomavirus protein E7 is a
short, oncogenic sequence that affects everything from cell entry to cell death?””. Most saliently, it
contains a high concentration of LMs?7827° with seven known motifs within the ~100 amino acid
sequence, including a C-terminal PDZ binding motif?®. Interestingly, PDZ-binding motifs are
only present in a few phylogenetically distant clades, suggesting that it has evolved separately on
multiple occasions®,

Another example is illustrated by comparison of rabies virus phosphoprotein to Ebola
virus protein VP35. Both viruses are (-)sSRNA viruses in the Mononegaviralesrder, and both
have demonstrated LC8 interactions®® %, While the LC8 motif is highly conserved within the VP
35 protein of Ebolavirusesthe closely related MarburgvirusVP35 lacks the motif. The same
pattern is seen for the phosphoproteins of the Lyssaviruggenus (rabies), where all other closely
related genera do not have LC8 binding motifs (Chapter 2). This leads to an interesting scenario,

where LCS8 interactions have cropped up in two analogous proteins??, but are missing from all of
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the intervening viruses. Additionally, available data suggest that the function of LC8 is conserved
between rabies and Ebola viruses, as LC8 interactions appear to facilitate viral polymerase
activity®®2, It is of note that this pattern of LM convergent evolution in viruses is a common
occurrence, suggesting that many LMB-hub interactions are actively under strong selective
pressures. Indeed, the E7 proteins of papillomaviruses have lost the requisite LXSXE motif
necessary for binding the retinoblastoma protein within some clades?’®28%, and even display the
selective loss and reoccurrence of E2F motifs within the same protein?’®2%, These example
provide evidence that LMs are under constant selective pressures, both positive andnegative.
LMs therefore provide viruses with a simple and efficient method for evolutionary plasticity,

allowing them to gain and lose interactions and functions much more quickly.

Viral linear motifs often outcompete host linear motifs

The complex interaction network surrounding hub proteins necessitates an intricate
control system, where binding to various partners is regulated by spatial, temporal, and affinity-
based differences in partners. For example, there is no competition between the pool of LC8 that
binds ASCIZ in the nucleus, and the pool of LC8 interacting with dynein in the cytoplasm.
Similarly, many hubs show periodicity in their expression and/or interactions, as seen in cyclin
proteins, where different partners are bound depending on the cell cycle stage’2?%. On the other
hand, in cases where many partners are temporally and spatially in sync, there is a delicate
balance between interactions with binding partners, which must be regulated by slight variations
in affinity?®,

While evolution has favored a fine-tuning of affinities in host interaction networks, viral
proteins often adopt a high-affinity, idealized LM in order to outcompete host proteins for the
LMB domain?". A particularly compelling example of this can be seen in rabies viral hijacking
of LC8, where the affinity of the rabies phosphoprotein for LC8 (80 nM, Chapter 2), is 2 times
tighter than the highest affinity eukaryotic partner yet tested (160 nM for Nek9)2%. Additionally,
the Nef protein of HIV binds to the SH3 domain of Hck with a higher affinity than any other
known partner (0.44 pM)>"287,

Linear motifs are the most parsimonious method to appropriate host systems
Viral genomes are greatly constrained in size by a variety of factors, including: 1) an
advantage in replication rates provided by smaller genomes, 2) restrictions in space caused by

viral capsids, and 3) restrictions in fidelity caused by a lack of proof-reading in RNA viruses,
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leading to an increased rate of deleterious mutations in large genomes?®, Due to these size
restrictions, and the requirements for a large number of interactions in the viral infection cycle,
viruses often have a higher number and concentration of interaction sites per protein?%®, LMs
provide a unique and parsimonious opportunity to bind many partners, and to exert control by
hijacking a highly central protein. Indeed, it is commonly found that viruses favor LMs for host
interactions??>27528% and even in cases of mimicry of an entire interface, the virus interface is
typically smaller than the endogenous interaction?*. This suggests that viruses are actively taking
advantage of the low LM requirements to efficiently appropriate a wide variety of host systems.

Conclusions

In this work, we describe a newly defined category of hub proteins, the “linear motif
binding-hubs.” We are by no means the first to recognize that dynamic/date hubs typically bind to
linear motifs at a single interface, but we believe that this method of classification is much more
clear and concise when compared to the alternatives in common use. We also suggest further
vernacular changes in order to differentiate between structural and enzymatic LMB-hubs, as these
types of proteins will be treated and used very differently within cells. Current data indicate that
structural LMB-hubs like calcineurin and LC8 often have dynamic binding interfaces in order to
accommodate many motif variants, but are surprisingly conserved in sequence, suggesting the
conserved feature is binding site plasticity. Although thorough analyses of LMB-hub regulatory
systems are scarce, available data on LC8 and RCD1, along with predictions for 14-3-3, lead us
to speculate that self-regulation is an important and common feature for LMB-hubs specifically.
Further work on LMB-hub transcriptional regulation is required to validate this hypothesis, but
we propose using the existing motif-predictors on known transcription factors to facilitate this
process.

Another emergent feature appears to be susceptibility to appropriation by intracellular
parasites like viruses. The relatively short evolutionary space between non-binding and binding
sequences means that viruses can, in theory, develop new LMB-hub interactions in a few
generations, providing a huge amount of evolutionary plasticity. Separate studies have noted the
increased tendency of viruses to hijack hubs?92%, as well as to be rich in LMs??*27>, Here we
suggest that viruses target structural LMB-hubs in particular, because these proteins are both
more easily obtainable due to the short motif, and less transient than other types of hubs (such as

enzymatic hubs, where it is difficult to irreversibly bind to the active site using the LM).
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Replacement of virally hijacked structural LMB-hubs would require de noveynthesis of new
protein. This also suggests that viral motifs may represent an important source of information
about “optimized” motifs, because while eukaryotic proteins have to balance LMB-hub-partner
interactions with many proteins, viruses simply have to outcompete other partners. Future studies
characterizing of LM preferences in viruses could be very useful to determine whether viruses
hijack structural LMB-hubs to facilitate their own function, or to simply inhibit other host-hub

interactions via the most parsimonious method.
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Chapter 5

Conclusion
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Impact

The studies presented here take an expanding approach to understand the importance of
linear motif-binding hubs in host-virus interactions, with a particular focus on the hub protein
LC8. We start by describing the role of a hub in one specific system, follow with a description of
how to characterize hub interactions, and finish by describing the qualities of both hubs and
viruses that make these interactions common. My work utilizes a variety of biophysical
techniques (including NMR, ITC, CD, and SAXS), computational analyses, and biochemical
methods, and represents years of experimentation and literature review. These data greatly
increase our understanding of the rabies polymerase complex functionality, interactions
preferences for LC8, and traits important for viral hijacking of host systems. The following
section highlights important conclusions from each chapter. The remainder of this chapter
describes projects that are nearing completion, under development, or of particular interest for

future work.

Highlights of Reported Work

In Chapter 2, we present the first structural ensemble of RavP, and demonstrate that it is a
highly flexible protein dimer composed of ordered domains and long disordered linkers. We also
present the structural ensemble of the 90 kDa LC8-RavP complex. Interestingly, LC8 binding
does not significantly alter the secondary or tertiary structure of RavP, but instead changes the
dynamics and orientations of the domains that are distant from the LC8 site. The ensemble for
the RavP-LC8 complex is populated with more compact structures that have folded C-terminal
domains with dramatically restricted mobility, and as such, mirrors the ensemble of a related
virus phosphoprotein that lacks the LC8 binding site. This suggests that LC8 binding is the switch
that makes RavP function similarly to other viral phosphoproteins. This novel idea is based on the
comparison of the structures of the free RavP to the RavP-LC8 complex, which we report using
an integrative approach including NMR, SAXS and molecular dynamics simulation. A
combination of methods is necessary for a complex system that is both highly dynamic and
highly structured.

Previous work on LC8 interactions with any of its 100+ partners has been limited to
either short peptide motifs or domains of the partner proteins, meaning we have produced the first
structural ensemble for LC8 with anyfull-length partner. The restricted domain motions upon

LC8 binding could also apply to LC8 interactions the Ebola viral VP35s, which have a similar
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domain architecture to RavP, suggesting that LC8 may serve a common function within LC8-
binding members of the Mononegaviralesrder. The implications are far reaching for drug
discovery as they position LC8 to be targeted for similar treatments for rabies and Ebola. On the
cellular side, we used targeted cell culture assays to show that LC8 interactions with RavP
directly affects viral polymerase activity, but do not suppress the host innate immune response, a
possibility that has been suggested in the literature. We further expand our analysis to include a
purported LC8 binding site within RavL, and demonstrate that the LC8 site on RavL is not
important for viral polymerase activity.

In Chapter 3 we examine the motif preferences for LC8 and identify 29 new binding
sequences, 19 of which occurred within entirely undescribed LC8 partners. We initially use
proteomic peptide phage display technology to identify potential partners from a large library of
peptides. Importantly, this library had no innate bias for anchor motif sequences, an issue with
previous studies which may have impacted their attempts at motif description. We then use our
algorithms to identify sequences based on their comparison to known LC8 binders. We synthesize
~80 14-amino acid peptides, test their ability to bind LC8 by ITC, and identify new binding
partners with various affinities. Particularly innovative in this work is the development of an
algorithm to compute recognition motifs that predict LC8 binding with a reliability that is
significantly higher than previously reported approaches. This improvement was only possible
because we were ‘fortunate” enough to test many TQT anchor-containing sequences that do not
bind to LC8. While prior studies were limited to assuming that residues were untenable at certain
positions based on depletion data, we were able to use non-binders to normalize a PSSM,
providing weights where a positive weight is more frequently found in the binder dataset, and a
negative weight is more frequently found in the non-binder dataset. The combination of
“positive” and “negative” binders thereby enhances the discriminatory power of our model. In
addition, we establish a curated, publicly available database of known interactions
(http://Ic8hub.cgrb.oregonstate.edu), with general requirements for LC8 motif recognition. All of
the interactions in the database are either experimentally validated by us or by others in the
literature. As more LC8 binding sequences are tested, we can further improve our algorithm in
order to predict LC8 partners with higher confidence.

Chapter 4 is a combination of literature review and an opinion/perspectives piece.
Previous work has sought to categorize hubs into dynamic/date and party/static. | am of the
opinion that these terms are not explicit or obvious (especially since static and dynamic do not

describe the protein’s structure). We therefore propose the new term “linear motif binding-hubs,”


http://lc8hub.cgrb.oregonstate.edu/

109

or LMB-hubs in place of date/dynamic hubs, as it much more directly describes the most
common feature of this type of hub protein. We further segregate LMB-hubs into either
enzymatic or structural, a distinction which not only describes the function for the hub within the
cell, but also can be used to predict some regulatory and binding features. For example,
examination of self-regulation (or feedback regulation) in multiple structural LMB-systems
suggests that this a common tactic to tacitly control intracellular hub concentrations. On the
structural side, we show that LMB-hubs often have dynamic binding interfaces in otherwise static
structures, a feature which is highly conserved. These findings and vernacular distinctions allow
us to more succinctly describe and understand the roles that structural LMB-hubs play within
various essential cellular pathways.

Viral proteins are significantly enriched in linear motifs. We explore this in Chapter 4 by
detailing some of the more potent benefits of viral hijacking of host LMB-hubs, including
increased evolutionary plasticity due to quick mutation rates, and parsimonious appropriation of
essential host pathways. Although previous work has noted the enrichment of linear motifs in
viral proteins, we have taken it a step further to describe how LMB-hub features are utilized by
viruses to efficiently hijack a host, despite their limited genome size.

When | presented to my committee for my program of study meeting, | tentatively titled
my work “the role of intrinsic disorder in macromolecular assemblies,” and | intended to use
ribosomal biogenesis, dynein complexes, and viral polymerase complexes as my example
systems. Ribosomal biogenesis did not go very well. Despite not being in my thesis, | did work
on dynein complexes quite a lot, and will eventually have a paper published on that work. But it
turns out that I’m quite into viruses, and think they are really interesting. Two out of three isn’t so

bad!

Ongoing Work & Future Directions

I expect that | am not unique in having a huge number of projects that are either partially
completed, or in their early stages. Frankly, I could write an entire thesis entitled “Experiments |
think would be cool to do.” This section describes a few of those experiments and where things

stand with them currently.
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Identification of downstream RavP interactions

In Chapter 2 we show that LC8 interactions are important for polymerase activity based
on minigenome data, demonstrating a 70% reduction in transcription rates when the LC8 anchor
motif is mutated to AAA. In an attempt to better understand this interaction, we further mutated
the entire 14 amino-acid binding region to both a 2-heptad repeat (in order to simulate an
extended dimerization domain, although NMR data indicate it does not for a coiled-coil), and a
random disordered sequence of equivalent length. Surprisingly, bothof these mutations resulted
in a partial amelioration of polymerase activity. The accumulated data therefore indicate that
there may be another binding partner that shares LC8’s binding site. In the RavP-WT case, LC8
binds very tightly and outcompetes this partner. When the LC8 site is mutated, as in RavP-AAA,
this competitive partner may bind RavP more frequently, impacting RavP’s cellular localization
(or functionality) in a way that inhibits polymerase activity. In the 3" case, when the entire LC8
site is mutated so that (presumably) both LC8 and partner “X” cannot bind, polymerase
functionality is only partially inhibited, suggesting that LC8 is both directly and indirectly
involved in supporting the polymerase complex.

In order to test whether LC8 is indeed competitive with another RavP binding partner, we
performed HA/FLAG-tag pull downs of RavP-WT and RavP-AAA from HEK293T cells. In
theory, the RavP-AAA mutant will pull down more of the hypothetical partner than the RavP-WT
because of a lack of competition from LC8. Pull-downs were performed in triplicate, and
analyzed via a Mass Spectrometry proteomics analysis. With this method, we identified 17
proteins that are significantly enriched in the mutant compared to wild-type, indicating that these
proteins bind better when LC8 is not present. On the other hand, there are two proteins (including
LC8), which are reduced in their binding when LC8 is absent. Many previously described RavP
partners (such as STAT1) were pulled down in equal proportions. Although none of the enriched
hits are known binders, one is of particular note.

Work by Kammouni et al!** demonstrated that RavP interacts with mitochondrial
Complex I, leading to increased Complex | activity and production of reactive oxygen species.
They also localized the binding region between RavP and the unknown Complex | to residues
139-172, exactly the area bound by LC8 (the LC8 motif spans residues ~140-150). It is therefore
feasible that LC8 interactions with RavP would be in direct competition with those from a subunit
of Complex I. Indeed, one of our enriched partners in the pull-down analysis is NADH

Dehydrogenase [Ubiquinone] 1 Alpha subcomplex subunit 5 (NUDFADS), an accessory subunit to
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complex I. I believe that this is a strong hit, and supports our hypothesis that there are proteins
directly competing with LC8 for pools of RavP.
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Figure 5.1: Mass spectrometry pull-downs of RavP partners.

Pull-downs were performed in triplicate using a-FLAG beads, and analyzed via Mass
Spectrometry. The above graph depicts proteins that were significantly enriched or depleted
based on a student’s T-test, compared to an empty vector control transfections. Additionally, only
those that were increased or decreased by more than 20% are shown.

As of now, we have ordered 8 of the more promising hits (based on their size and known
solubility/expression information; RBM4, ACADM, NDUFAS5, RAB7A, SFXN1, DDXB6,
SUCLAZ2, and SSR4), and are cloning them into eukaryotic expression vectors. The next step will
be to perform specific pull-downs of these partners during cotransfections with RavP to verify
binding. After verifying that they do indeed bind, we will be able to take advantage of the
plethora of NMR data collected on RavP to determine their binding sites, and to characterize their
impact on RavP structure. The final stage of this project would be to re-visit the minigenome
luciferase assays with cotransfections of verified partners. In this case, we would expect that
overexpression of LC8 competitors would decrease polymerase activity, similar to what happens
when the LC8 site is mutated.

LC8 interactionswith Ebola VB35 and Ratvirus VP4

Unlike typical LC8-binding proteins, viral partners studied thus far have a strong self-
association domain proximal to the LC8 binding site, indicating that LC8 is not required for their
dimerization. It is therefore unlikely that LC8 is performing the same function for viral proteins as
it does for eukaryotic proteins (i.e. facilitating dimerization).

Ebola viruses (EBOV) are particularly well known viruses, due to the recent outbreaks in West
Africa (2013-2016)?°* and the Democratic Republic of Congo (2018)%%2. It has an up to 90% fatality
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rate, because of the virus’s tendency to globally suppress the host’s immune system?**, EBOV have
—sSRNA genomes (Filoviridae family), and consequently belong to the same Mononegavirales
order as rabies and VSV.

VP35 is structurally related to RavP (Chapter 2) and serves analogous functions including
suppression of the host immune system and bridging the viral polymerase and nucleoprotein to
facilitate viral transcription and replication“®, Unlike RavP which is a tight dimer, VP35 forms a
higher order oligomer, and recent data indicate that EBOV VP35 has equally stable trimeric and
tetrameric structures?®. On the other hand, the similar Marburg virus (Filoviridae) VP35 lacks the
LCS8 site, and is unequivocally a trimer?®. It is unclear whether the trimeric and tetrameric forms
of EBOV VP35 facilitate separate functions, but the easy interplay between these two states
provides an interesting opportunity for LC8 to mediate selection of association states. LC8 binds
all known partners in a bivalent fashion?®, therefore, we hypothesize that interactions with LC8
will favor tetrameric VP35 (Figure 5.2A).

Experimental procedures for the production of hexahistidine tagged EBOV VP35 (residues 83-
145) were published earlier this year?4, and led to the generation of crystal structures of the trimeric
and tetrameric forms. We have followed a similar protocol for protein production using a construct
containing residues 65-145, which includes the LC8 binding site (residues 69-76) and the
multimerization domain (MD). To identify the effect of LC8 on the association state, we have used
analytical ultracentrifugation (AUC), SEC, and MALS. Interestingly, our SEC and AUC data
indicate that there are two equally stable peaks for VP35, both of which interact with LC8 and
migrate at the same place on an SDS gel; however, these two peaks appear to be non-
interconverting, as isolation of one peak does not result in the re-appearance of two peaks after
three days. Future work on this project would seek to describe the difference between peaks one
and two, as well as to directly understand the importance of the LC8 interaction in the Ebola virus
life cycle. We would hypothesize that LC8 is also important for viral transcription in Ebola, which
could be tested using a similar minigenome experiment as was described for rabies.

Rotaviruses cause acute diarrhea with an estimated 215,000 deaths annually in children under
5, largely in developing countries®’. Rotaviruses are not restricted to humans, and are often
problematic for large cattle herds, disproportionately affecting young calves?®®. The virus uses
dsRNA as its genetic material, and is a member of the Reoviridaefamily. As our ITC data in
Chapter 3 demonstrate, the rotavirus protein VP4 is an LC8 interacting partner. Although LC8 may
serve a common function for Ebola and rabies, there is little functional similarity with VVP4. While

VP35 and RavP are important for viral polymerase activity, rotavirus VP4 is essential for viral
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penetration, and forms pseudo-trimeric spikes on the outer face of the mature virion. To become
fully infectious, the VP4 pseudo-trimers are digested by trypsin-like proteases from the intestinal
lumen, which stabilizes the spike structure and facilitates viral penetration (Figure 5.2B)%*°.

In addition to roles in viral penetration, VP4 also contains major antigenic sites targeted in
vaccination®®. Because of this, many studies have focused on the efficient recombinant production
of VP4 in bacterial and baculovirus systems®%2, and multiple structural analyses of VP4 exist.
Cryo-EM studies of the mature virion revealed an atypical structure for VP4, where the foot domain
displays homotrimeric symmetry, whilst the two other domains are homodimeric (Figure
5.2B,C)%3%% Crystal structures of the central antigenic domain indicate that it can easily form
either dimeric or trimeric structures, depending on the conditions®®. On the other hand, AUC
studies on purified VP4 show that it is monomeric in solution®®2, While these data appear somewhat
contradictory, we hypothesize that they are each capturing a snapshot of the oligomerization states
that VP4 occupies during an infection cycle. The pseudo-trimeric/dimeric structure has been
thoroughly described, and is essential for VP4’s role in cell penetration.

During the viral replication process, VP4 is localized throughout the cytoplasm, and is not yet
interacting with nascent virions. Very little is known about VP4 structure or function during this
time, but confocal microscopy imaging demonstrates that it is highly expressed, and particularly
concentrated to cytoskeletal regions®®. Solution experiments indicate that monomeric VP4 is
predisposed towards digestion by a variety of proteases, including trypsin, at locations that are
protected in oligomeric VP4*%?, Residue 582 within the ‘foot’ region of VP4 is even more sensitive
to digestion than the intended trypsin site (Figure 5.2C). Interestingly, our data show that there is
at least one LC8 site just C-terminal of the trypsin cleavage site (residues 604-611), suggesting a
potentially intriguing role for LC8 in the stabilization of the homodimer and protection from
trypsinization. A future study could examine the oligomerization state of VP4, and the structural
impact of LC8 interactions, using AUC, size exclusion chromatography, and negative stain electron
microscopy. In addition to the biophysical analysis, we could also expose the free and LC8-bound
forms of VP4 to a series of proteolytic digestions. We hypothesize that LC8 interactions are
protective for VP4, and that the heterocomplex will be less prone to proteolysis. This study is in its
early stages, because we have had limited success expressing the full-length constructs in E. coli.
However, cellular data that | collected in France strongly support that LC8 plays a role in the
rotavirus infection cycle, evidenced by abrogated LC8 localization in rotavirus infect cells (Figure
5.2D).
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Figure 5.2: LC8 interactions with Rotavirus VP4, and Ebolavirus VP35.

(A) VP35 can form equally stable trimeric or tetrameric oligomers. We hypothesize that LC8
stabilizes the tetrameric structure, facilitating viral polymerase activity. Domains with solved
structures are shown in green (CTD) and orange (oligomerization domain). LC8 is shown in red.
(B) VP4 structure is context dependent. Within the virion, VP4 forms a pseudo-trimeric spike
structure with a trimeric foot domain (blue), a dimeric stalk domain (orange) and separate lectin
head domains (purple). Monomers, dimers, and trimers have been validated in vitro, and the foot
domain (blue) is significantly more accessible in the monomeric structure. Cytoplasmic
accumulation of VP4 has been noted, but no structural information is available; however,
abrogated LC8 localizations within the cytoplasm during RV infections suggests interactions
occur between LC8 and VP4. (C) Domain architectures for RavP (top), VP35 (middle), and VP4
(bottom). Colored blocks represent structured domains, and black lines denote disordered
segments. The VP4 foot domain has a predicted disorder at the LCS8 site, and the trypsin site. (D)
Modified HEK cells expressing GFP-LC8 (green) under the endogenous regulatory system,
infected with rotavirus A virions containing an mCherry gene (red). Note that uninfected cells
show broad LC8 cytoplasmic localization, while infected cells have a tubular LC8 localization
that is often perinuclear.
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Phylogenetic analysis of Monegavirales and LC8 conservation

In Chapter 4, we discuss how linear motif development patterns in viruses evince both
positive and negative selective pressures. Chemes et al?’%%% present data on LMs in the
Papillomavirus protein E7, demonstrating three types of LM evolution (Figure 5.3). 1) All motifs
present are homologous. In this case, LMs are lost in some intervening clades of E7, but ancestral
reconstruction suggests that a single appearance event occurred. 2) Some motifs are homologous,
and some motifs are convergently evolved. 3) All motifs are convergently evolved. | believe that
this analysis is extremely powerful, because it demonstrates positive and negative selection, gives
a time-scale for LM evolution, and can even describe some differences between different
papillomavirus clades.

I would propose a similar analysis be done within the Mononegavirales Order for LC8
motifs. This would provide a variety of benefits, the most obvious being identification of other
viruses utilizing LC8; however, it is also likely that we will glean additional information about
LC8’s role in Mononegavirales viruses based on which genera contain conserved LC8 motifs.
Indeed, | have already obtained a list of phosphoproteins and VP35s from UniProt, and tested the
presence of LC8 motifs using LC8Pred (described in Chapter 3). In addition to Lyssavirusand
Ebolavirusgenera, LC8 motifs are present in many Sprivivirusesand some Respirovirusesnd
AvulavirusesFuture work would phylogenetically categorize these viruses, potentially using the
nucleoprotein or polymerase protein as a proxy (due to poor sequence conservation in the
phosphoprotein). Describing known similarities in binding location and functions of these viruses
could help us understand whether LC8 is being used for the same purpose in all motif-containing
Mononegavirales viruses. A final point of interest would be to search otherproteins in viruses not
encoding a phosphoprotein LC8 motif. If viruses are using LC8 for a more general ‘control’
function, then it is possible that the motif only needs to be present in someviral protein, rather

than specifically the phosphoprotein.
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Convergent Evolution within pathogen families
reconstructions of LM history
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Figure 5.3: Convergent evolution of linear motifs in E7.

Phylogenetic analysis of E7 linear motifs reveals different evolutionary patterns. On the left, all
occurrences are homologous. Examples include the LXCXE motif bound by Rb proteins. In the
middle, some points are homologous (like b), and some are convergent (like ¢ and d). E2F motifs
display a conservation pattern like this. On the right, all instances are convergent evolution. PDZ
domains in E7 exemplify this pattern of evolution. This figure was modified with permission
from 281,

Differences between LC8 isoforms

In Drosophila melanogastethere is a single LC8 gene. On the other hand, most
mammals have two isoforms of LC8 that are greater than 90% sequence identical (83 of 89
residues). The majority of my thesis has focused on the more highly expressed isoform: LC8-1.
Work characterizing LC8 regulation within the cell determined that, while LC8-1 is under control
of an ASCIZ-mediate promoter, LC8-2 is constitutively expressed at ~5% of LC8-1 levels™.
During early embryogenesis, gRT-PCR data suggest that ratio is even more dramatic, with LC8-2
being expressed at approximately 0.2% of the LC8-1 levels. On the other hand, the Human
Protein Atlas indicates that LC8-2 is most highly expressed in the brain (data not shown). Despite
the differences in regulation and expression, studies testing affinities and avidities of LC8-1 vs.
LC8-2 have reported no, or minor, differences®’. Out of curiosity, | have tested binding of RavP
to both isoforms, and noted an approximately 2-fold change in affinity (Figure 5.4). Although this
is not a huge difference, if we consider the delicate balance that must be struck between
numerous hub partners, this could cause large, cascading effects. The difference in binding could
be of particular interest when we contemplate the rabies life cycle. Rabies is known to replicate
particularly slowly in the muscle and peripheral nervous system, and then ramp up expression

when it arrives in the brain®%, It is of note that LC8-2, which binds more tightly to RavP, is more
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highly expressed in the brain where rabies replication is fastest. It is particularly interesting when
viewed through the lens of our Chapter 2 data, demonstrating that LC8 plays a role in the
polymerase complex. Future work could examine whether LC8-2 and LC8-1 stimulate RAV

polymerase activity differently using a minigenome luciferase reporter assay.
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Figure 5.4: RavP interactions with LC8 isoforms.
Binding thermograms for RavP-FL interactions with LC8-1 (left) and LC8-2 (right) isoforms at
25° C. LC8-2 binds to RavP twice as tightly as LC8-1.

Examination of LC8L KO cells

Careful control of cellular concentrations of hub proteins is essential for cell survival and
homeostasis. Unfortunately, it is extremely difficult to study regulation for LMB-hubs, because
they have very complex regulation. For example, Calmodulin is expressed from 3 different gene
loci, which are all under control of separate promoters and poorly defined regulatory systems3%,
Likewise, 14-3-3 has seven different isoforms which are variably regulated, both transcriptionally
and post-translationally®,

Recently, the Heirhorst lab has successfully developed both LC8-1 and ASCIZ knockout
cell lines™, which provide us with a unique opportunity to study cellular interactomes in an
organism where a hub is both unregulated and significantly depleted. Unlike Calmodulin and 14-

3-3, the pool of active LC8 seems to be regulated by a single transcription factor (ASCI1Z)"2, and
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there is little evidence for post-translational regulatory mechanisms. The second isoform of LC8
(LC8-2) is constituently expressed at low levels.

Future studies could take advantage of these cells to understand both the role of LC8, and
the phenotypic response of central hub protein knockouts, knockdowns, and misregulation. If |
proceeded with this research, | would perform transcriptomics studies on these knockout cells to
determine the wide-spread importance of LC8. Additionally, it has been noted that hub proteins
are mediators of cellular homeostasis, suggesting that viable knockouts may only be viable under
ideal conditions. | would therefore expose cell cultures to a variety of stressful external stimuli,
such as high salinity, altered pH, altered temperature, partial anoxia, and nutrient deficiencies.
Previous tests have been performed to describe the impact of stressors like osmotic pressure on
protein folding®', and our work could piggyback off of this to determine whether removal of a
structural LMB-hub impacts intracellular folding under different conditions. | believe that these
cells present a unique opportunity to understand the role of LC8 (and by proxy structural LMB-
hubs) in the mediation of cell homeostasis.
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