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Abstract

Ebola virus (EBOV) is a deadly pathogeng@dbalconcernCellularEBOV
infection is initiated by the viral surfacgycoprotein (GP)whichcoordinates fusion of
theviral and cellular memlanes. This fusion eventduringwhich GPirreversibly
triggers from a metastable piesion conformation to a grourstate postusion
conformationoccurs in the acidic late endosamdthough thefunctionalrequirements
of GPglycan cap cleavagend reeptorbinding have been characterized through
structural studies and biochemical assays, the relative contributions of protein maturation,
glycan cap cleavagegceptor bindingand endosomal acidificatido GPtriggering
remain poorly understoo&pecifcally, a characterization of the impact these inputs have
on GP conformation remains incompléetéis work utilizes infectivity studies with
pseudoviral particles and singteoleculeForster Resonance Energy Transfer (smFRE
studieswith GP ectodomain catructsto clarify thelevels of thermodynamic and/or
kinetic controlthat these inputexertover GP function and conformatiofihrough the
exposure of Gearing pseudoparticles to low pH, we find thatdhect protonaon of
GPat physiologic temperate can triggeiGP away from a préusion conformationboth
prior to and followingglycan cap cleavag®ur results also suggest that glycan-cap
cleaved GRacesa loweractivationenergy barrier to this protonationediaed triggering
event.Protonatiorof GPat room temperature does not trig@® topostfusionbut, by
smFRETanalysis appears tpromotethe prefusion sampling ofusion-correlated
conformatiors. Thisindicaiesthat protonation exerts a degree of thergmasmic control
over GP functionFinally, while thefurin-mediated proteolytic maturation of Gias

been shown to baispensabléor GP-mediated infectionfurin cleavageappears to



potentiateGP forprotonatiorinduced conformational samplinigkely through a
liberation of the Nterminws of GP adjacent to the internal fusion loop of the GP2 fusion
subunit Together, these results supposgyaergistiarole for proteolytic maturation

glycan cap cleavage, receptor bindiagddirect protonationn GP-mediated fusion
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1. Introduction
1.1Ebola virus is a deadly pathogen of global concern

Ebola virus (EBOV)s the causative agent of Ebola virus diseasaultisystem
illness characterized by hemodynamic instability and organ falins.characterizeth
1976 Ebolavirus diseaseontinues taesurgein Africa andthreatenspread beyonthe
continent! Before the recent 2013016 West African epidemi&bola virus disease
outbreaks wertargelyisolatedto remote rual areas in equatorial Africa and lasted only
in periods ranging from fewweeks to month$Analogous to the wellocumented
spreadf Human Immunodeficiency Virus (HIMh eastern Africa along the trans
African highway, the relatively oentinfrastructural development oentralAfrica has
allowed EBOV to travel along commercial supply chamsewregions®3When the
first-everEbola virus diseaseases in West Africa appeared in late 2013, the resulting
two-anda-half-yearpandemic yieldednore than 28,000 cases and 11,000 fatalities
across ten countries anddk continenté The currentepidemic in the Democratic
Republic of the Cong(DRC) has claimed ovemwo thousandives and thanks to the
efforts oflocal governmentandinternationakid, the pandemic appears to be
approachingin encb®

The first EBOV strain to be isolated in 19%&sEBOV-Mayinga namedafter
nurse Mayinga N6Seka, who succumbed,6to
Zaire (now he DRC) That initial outbreakwhich was centered around a mission outpost
run by Flemish nuns Yambuku and spreathroughthe communityin partthrough the
use of contaminated injection needMsas originally believed to be caused by a strain of

yellow fever’” After the deaths of several immunized nuaswell aghe presentatiorf
1
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symptoms unusual for yellow fevehe causative agent waentified a& avirusrelated
to Marburg virus apathogerthat had caused an outbreak in Germany nine ye&ms
Established as distinct from Marburg virus by seroldlggnewvirus was namedebola
(fAiBl ack River o) af t’&Sincethe disovereof EboleZaireint o Y a mb
1976, five other Ebola species have emeiig8ddan(which emerged simultaneously to
Ebola Zaire in 1976)Ta Forest, Bundibugyo, Reston, and Bombali. Ok#sx species
of genusEbolavirus four are known to asse human diseageZaire, Sudan, Tig-orest,
and Bundibugyd with Ebola Zaire causing the greatest disease bdraéthin the
specieZaire ebolavirusEBOV-Mayingaremaingthe prototype virus

Since the simultaneous epidemics of Ebola Zaire and Ebola Sudl@iig Ebola
virus diseashas emerged in twenfpur documenteapidamics,including the current
outbreak in the DR(Fig. 1.1).! Subsequent outbreaksBbola virus diseassere
largely confined to the equatorial belt of Africa, with outbreaks of Ebola Zaire being the
mostcommonin Central and West Africa, and Ebola Sudan and Ebola Bundibugyo the
most common in eastern Central Afric@f geographic distinction is Ebola Reston,
which emerged in Southeast Asiad whose expbto Virginia via research primates was
famously chroni c| EhdHaot ZonéRlthoughdhisdarrddivee st on 6 s
captivated reademsith lines like fiThe earth is attempting to rid itself of an infection by
humanparasité and met aphors comparing the fil ame
Me d u s a (lsola Restorrigot associated with human disea8é real cause for
concern, perhaps, is that tbmergence of Ebola Reston from Southeast Asiavell as
the recent emergence @latedcuevavirus species from Spanish bats, indicates that

filoviruses exist in multiple distinct reservoirs acrtiss globe'
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Figure 1.1. KnownEbola Virus Diseaseoutbreaks, 19762016 This map of the

African continent shows the geographic distribution of all kn&bola virus disease
outbreaks from 1978016. Coles indicate thedur different ebolavirus species that
cause disease within humans (Zaire, Sudankdiest, and Bundibugyo). Circled
numbers indicate cases resulting from travel of infected persons across international
borders. Prior to 2013, dfibola vrus diseaseutlreaks were confined to central Africa.
Reprinted with permission fromaseler, L., Chertow, D. S., Johnson, K. M., Feldmann,
H. & Morens, D. M. The Pathogenesis of Ebola Virus Disesau. Rev. Pathol. Mech.
Dis. 12, 387 418(2017).

1.2Ebola Virus Diseasdransmission and pathogenesis
Humanto-human EBOV transmission occurs via the exposure of mucous

membranes or nemtact skin to infectious bodily fluids or tissué#istorically,
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outbreakdhavebeen mediatethrough many vects, includinghospital spreadgerson
to-person community spreadertical transmission from mother to fetasd adherence

to traditional burial practice’sin addition, viral particles on inert surfacemact as
infectious fomitesEBOV affects individuals of all ages, with demographic attack rates
associated with exposure to ill persamsithe highest burden usuabynongcaregivers
Some epidemicshav s een i n d e xaseB @gssotidted with hunters oo atherc
wild animal exposures, providing supporting evidence for an animal reservoir, the
identity of which remainsinconfirmed but ishought toincludemultiple species ofruit
bat!

Following a latent asymptomatic phase of replication within lymph nodes, EBOV
rapidly disseminates to end organs, particularly the liver and spleen, via the bloodstream.
As a consequence of direct viiauced cytopthic effects and the indireeffects of
inflammation, endothelial dysfunction, and disordered coagulatioroegah failure
leads to a clinical picture of fever, hepatic injury, diarrhea, respiratory failure, renal
failure, and, oftenwithin ten days osymptom onsetjeath® Autopsies of Ebola virus
diseasgatients, of which only a few have been performed, revgatture of non
specific bleedingMucous membranes, parenchymatous organs, amhsteintestinal
tract all display ptechiae, ecchymoses, and frank hemorrhdmsinophilic viral
inclusion bodies are frequently found in the liver alongside signs of hepatocellular
necrosis and congesti. Analysis of the lymphatic systesso shows systemwide
destructiont

The casdatality ratio ofEbola virus diseadeas varied between outbreakso$a

of theoriginal 1976 outbreaks were 88% (Ebola Zaire) and 60% (Ebola Sudan). A
4



subsguent outbreak of Ebola Zaire, Kikwit 1996, had a dasality ratio of 81%. The
low casefatality ratio of the recent 2013016 epidemic (in the 40% range) is possibly a
reflecion of better case detection, admission, and supportive ctre relativey
advanced medical facilitiesf West Africal Despite multinational reliednd research
efforts, treatment is limited to suppiwe care although promising early data out of
clinical trials in the DRC hashown success for antibebgsed therapieand a vaccine
is currently being administergg!!

1.3 Ebolavirus is an RNA virus of family Filoviridae

The genugbolavirusis one offour enveloped, negativeense RNA virussin
theFiloviridae family along withMarburgvirus Cuevavirus and he recentlydiscovered
Dianlovirus! The virusexhibitsa filamentous formits family namesakaf variable
length and 8@ im diameter, andossesses an approximately 19 kb genome that encodes
seven structal proteins andwo non-structural proteia(Fig. 1.2).! The nucleoprotein
(NP) of EBOV encapsidas the genome and forms the ribonucleoprdfeMP) complex
with polymerase (L)polymerase cofactdrP35,and transcriptional activator VP30.
VP40, the membranrassociated matrix protein, forms the filamentous structiitiee
viral particleand anchors the nucleocapsid tolthiel membrane via VP24.

Finally, the outer viral envelope is studded with manyie®pfthe viralenvelope
glycoprotin (GP), which anchors into the lipid membrane viater@inal
transmembrane domaamnd coordinates fusion of the viral and target cell membranes to
initiate infection GP also appears to play a poedgfined role inmducing
cytopathology:? The GP geneis polycistronic, anéilso encodes for the natructural

proteins soluble and small soluble glycoprotein (sGP and ssGP, respecthely)
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functions of which a unknown but are thought to invelimmune evasiohTogether,

these proteins coordinate various steps within the infection cycle of EBiQV1.3).

Yy e HvessHveaoH ee HHwvesoHvesH L b

Nucleocapsid Proteins

Polymerase (L) Protein

seven genes that encode nRamd&eUTB&equereaedn s ,
Digital reconstruction of EBOV virion morphology, using solved crystal structures of
isolated protein components. Image source: ADB Molecle o the Month series,
David S. Goodsell, RCSB PDB ¢, Scanning electron micrograph of an infected Vero
E6 cell (yellow) and associated EBOV filamentous particles (b@)rtesy National
Institute of Allergy and Infectious Diseas@tAID Flickr Stream, Fort Detrick, M3
1.4The EBOV replication cycle

EBOQV patrticles enter target cells by rgpecific adhesion to the cell surface and
subsequentlathrinmediated, caveolimediatedmacropinocytosi¢Fig. 1.3.1° Many
cell surface receptors have been implicated initiiigl attachment step, all of which
appear to inte with GP on the viral surfac®rotein members of the-i@pe lectin

family can bind carbohydrate side chains on the heglyigosylated GP glycan cap.

Notably, liver asialoglycoprotein receptor (AS& can bind GP and benefit viral



endocytosisOther kctins implicated in GP binding include dendritic egbecific
ICAM-3-grabbing nonintegrin (D&GIGN), human macrophage galactose and
acetylgalatosaminspecific Gtype lectin (hnMGL), and lymph node sinusoidal
endothelial cell @ype lectin (LSECtin/CLEC4§' However, glycarcapmediated
attacyment does not appear to be essential for EBOV entry, as viral particles lacking the
GP glycan capthroughin vitro treatment with proteases or as a result of genetic
manipulationare capable of efficient infectidi A glycan capindependent mechanism
for EBOV attachment to the cell surfaoeolvesthe Tyro3 pratin kinase (TAM) and T
cell immunoglobulin mucin domain (TIM) protein families. TAM, Til] and TIM4 are
all capable of binding phosphatidylserthat resides withithe outer leaflet of the
EBOV membrané?

Following cellular uptake, EBOV is traffickatirough the endéysosomal
systemln the acidified late endosome, GRdergoes a proteolytic priming step that
enables receptor binding, and subsequeartttyrdinates the fusion of the viral and host
lipid membranesThis fusion evenallows the RNP to escape from the late endosome
into the taget cell cytoplasmThe release of genomic RNA from the RNP is facilitated
by VP35, although the mechanism by which this release occurs remains largely
unknown?!® Transcription of viral proteins from the RNA genome then occurs over two
phases (primary and secondary), followed by \gexione replication within inclusion
bodies. The packaging of new EBOV virions and their budding from the cell surface is
then coordinated by VP4With an unknown additional accessory role for VIPR24j.
1.3).11This process begins in the perinuclear region thighformation of new

nucleocapsids, which are then transported along cytoskeletal networks to budding sites at
7



the plasma membrane, and continues as VP40 coordinates cell surface GP and nascent
RNPs to form bud& Progeny virions spread through lymphatic and blood vessels
throughout the host he direct cytopathic effect of GP as wellraactiveinflammation

cause endrgan damageé.

outer leaflel GRoeaonnannaanenns

nner leaflel SEaedsaaiaasacasdsd 5 i :
EBOV Mcdmmam of No budding Budding
VP40-inner interaction ?
Attachment X X *
? ")
tes s s I e RN e s seses
Entry Clathrin-mediated, o ¥ _min
Caveolin-mediated, tetherin - Tetherin dimers
Macropinocytosis / Mechanism of GP-tetherin
. interaction 7
Uncoating —_l b \
and fusion Early endosome ﬁ): "\ @203 9]
endosome i =Tl
EBOV o / Assembly and
) budding
W NPCI RS
‘ E W s
. P Replication VP40® "
P et Unidentified ?
NPC! induced mggcr fusion
membrane fusion 3
Transcription Vz” ramlan g’ VI...PS
N-terminus C-terminus N A R
“.") Vesicle Exosome
l -
?7 @ vRNA The mcchdmsm of RNP Cell-cell contact

o
Unknown complex formation ? '3 mediated infection?
dniving force N-terminus C-terminus

Transcription and
replication

vRNA
VP35 @ g

Figure 1.3. EBOV replication cycle. EBOV enters cells via macropinocytosis, and GP
mediatel fusion occurs in thiate endosome. Transcription, translation, and genome
replication occurs in the cytoplasm. Budding at the plasma membrane produces progeny
virions. Reprinted with permission frofviu, D. S.et al. The lifecycle of the Ebola virus

in host cellsOncotarget8, 55750 55759 (2017}>

1.5The Ebolavirus glycoprotein coordinates fusion
Thesignificanceof EBOV GP in diseasgpread and pathogenesame to the
forefront of scrutiny in the 2023016 pandemicA new, more infectious EBOV strain

came to dominate the pandemic early in 2014 and was téviakahaafter a river in
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Sierra Leone. A defining feature thfe EBO\*Makona strain that came to dominate the
pandemids a single amino acid substitution, A82¥,GPthat appears to bestow
heightened infectivity/ This mutation, asvell as othersvithin GPthat remain
unexplored, may explain how EBGMakona wasbleto infect over 28,000 people
before the end of the epidenifc.

The surface oftte EBOV virion is studded with hundreds to thousandee@GP
protein® GPis the sole surface antigen of EBONdamediates virubost membrane
fusion.All enveloped viruses enter host cells via a membfasien process mediated by
one or more proteins embedded in the viral membrane. The role of these proteins is to
bring the viral and host membranes into close@gmation, a feat that requires
overcoming a significant kinetic barrier caused by arepusi A hy dr at i on f or c e
the two membrane$.Prefusion vral fusion glycoproteins, therefe, mustprovide a
source of free energy to overcome this kinetic barfieis energy is stred in the form of
hydrophobic and electrostatic contacts within the protein structure that hold the fusion
machinery in a metastable, highergy conformatiorMost viralfusion glycoproteins are
Asui ci de etmnsifonoalgaice from a tmetaskde prefusion state to a low
energy posfusion conformatiort® This is in contrast to many intracellular fusion
proteins like SNARES, which are recycled by cellulardesinto prefusion
conformations?® For many viral fusion glycoproteins, this transition is believed to be
singular and stochastic, attte actions of mitiple nearbyglycoproteinanustclusterto
overcome the energy barrier to membrane fu@fag. 14).182°

The transitiorof a viral fusion dycoproteinfrom pre to postfusion isfiriggered

by abiochemicabperturbation, the identity of which differs from virus to virksr
9



hemagglutinifHA), the surface glycoprotein of the influenza virus (IAtHe fusion

trigger is thesimple protonatio of side chain residudlsat disrupthe interface between

the head and stalk subunifdn HIV entry, the binding ofwo distinct receptor€CD4

and CCR5/CXCR4provide the molecularigger.'® Despite the diversity of fusion

triggers, all ¥wral fusion glycoproteinsnediate fusion through a similar mechaném

Triggering causea releving of the preusion constraints on the fusion machinery, and

allowsthe fusion subuni)to unfold into a préhairpin intermediate able to insert a non

pol ar stretch of r esiodideass,i otheimpodwgthrgedreed A f u s
membraneThis prehairpin intermediate is highly unstable, and quickly refolds into a
compactrod i ke -Gfthmai mei nso t hat -fesioracordoomatem i zes t h

(Fig. 14).21

fusion competent prehairpin cluster of prehairpins

trimer of hairpins

¢ § 7 o G e = )
B2&

fusion pore

iv) close apposition v hemifusion

Figure 1.4. Enveloped viralfusion. (i) A viral glycoprotein possessing receptor binding
domains (rb) and a separate fusion subunit (f) is depigiedhe prehairpin

intermediate is shown wittlhe fusion subunit fully extended and the fusion loops inserted
into the target membrang@ii) More than one fusion subunit is required to create a fusion
pore, so clustering of pileairpin structures is requireiv,v,vi) The unstable prbairpin
structure collapses to bring the membranes into close apposition, then hemifusion, and
the formation ofa fusion pore. The final stkelix bundles (6HB) of the pe$tision
structures f or m-ofthfae r grepriad with@pdrmisSioitom me r
White, J. M., Delos, S. E., Brecher, M. & Schornberg, K. Structures and Mechanisms of
Viral Membrane Fusin ProteinsCrit. Rev. Biochem. Mol. Bio#3, 189 219 (2008)!
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GP exists as a trimer @P1GP2heterodimers on the viral surface, and the
individual GP subunits play distinct roles in fusion functibig(15). GP1forms a
Aheado s possessasreceptonkanting domaishielded by a glyan cap and a
mucinlike domain(MLD) thought to be involved in immune evasiéit? The canonical
role of GP1 is to coordinate receptor binding, an event that odterrshe proteolytic
cleavage of GP1 exposaseceptor binding domaishielded ly the glycan cap® Besides
receptor binding, a role of GP1ggested by the model of class | fusion is to provide
stabilizing contacts that ke thefi s p #l ioragfusidndamachinery iits high-energy,
metastablg@re-fusion conformation. That fusion machinery resides wiGR2 the
Ast al k aompasdd ofiepdarepeat regions and an internal fusion I§i&h). The
IFL forms a notable strigral element in GP2, as it is nestled within a hydrophobic
pocket formed by adjacent GP protosier Of t en ref erred to as a h
IFL is flanked by two betatsr ands t hat form a fAwristo, upo
contacts, the GP1 subitiacts as a molecular clamp?® During the fusion process,
relieving of this clamfpy biochemical and/or allosteric perturbations alongGR&GP2
interfaceis believed to allow the GP2 subunit to undergo a dramatic refolding event in
whichit unfolds into an extended intermediate, translating the IFL far from the viral
membrane to ingeinto the target membramd the late endosom@&his intermediate is
shortlived, and its collapse &8P2r e f ol ds t o t-di-leaicd misss @ Atrin
conformationbrings the viral and target membranes into ckygeroximaion.
Subsequent fusion of the twnembranes is thermodynamically favorable, as the
approimation of the two membranetoser together than the 20 A spacing at which the

hydration forceacts overcomes the kinetic barrier to fustén
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Figure 15. EBOV GP structure. a, b, GP is a trimer of heterodimers of disulfitieked

GP1 (cyan) and GP2 (blue). GP1 possesses a glycan cap (light cyan) antikaucin
domain(grey, not crystallized) which must be cleaved to eggbs receptor binding

domain and GP2 forms the fusion machinery core with an internal fusion loop (purple) of
hydrophobic residues that embed into the target cell membrane. Crystal structure PDB
5JQ3%" Transmembrane domain modeled by blue rectasgReducingSDSPAGE and
Coomassie stain of recombinant GPodamain. Immature GPO, as well as the GP1 and
GP2 suburis are resolved.

GP2

Unlike some other viral fusion glycoproteins, GP requires a spstépwise
activation process in order to successfully mediate membrane fEsibowing virion
uptake by macropinocytosis, the sequential activation gbiG&eedsvithin the
endosomef the target cel{Fig. 1.6).28 Acidification of the late endosome lvacuolar
ATPase leads to the activation of membrapnend cathepsin proteases B ant! Lhese
cathepsingct sequentiallyo remove thesP1 glycan capgo exposéhe receptobinding

domainthe luminal domain C of thliemannPick Disease, Type Qdrotein(NPC1, or
12



domainNPC1-C).?2242933 |n addition to exposing the receptor binding sigcan cap
cleavages believed ¢ represent a priming step for fusion triggering, which will be
discussed late®24While the binding of NPC1 is required for efficient infection incell
basel models, it is not thought to be required for triggeremgrystal structures of GP
bound toNPC1displaythe prefusion conformatiorf>2%*%3*Following receptor binding
anunknown trigger causes GP to dramatically refold to facilitate membrane fésgon (
1.6). The identity of this fusion trigger bdong been a mystery to the fiekdthough

several candidate fusion triggers haverbpmposed.

Target Cell

H+ H+
iy NPC1
Wile 2 [ g @"
Early Endosome Late Endosome
Cathepsin-Mediated 722 Fusion Trigger
Macropinocytosis === Cleavage to Expose === NPC| Binding ) [ptry

NPC1 Binding Site

QUDIGQUIDRY pas.]

Viral Membrane

Figure 1.6. EBOV GP-mediated fusion (1) Mature native GP exists on the viral surface
as a trimer of heterodimers shielded by mtlidia domains (PDB 5JQ3)2) Acid-

activated cathepsimediated cleavage removes the mtliiea domains and glyan caps

from GP, and exposes the NPC1 binding site (PDB 5JQ3, modeled). (3) NPC1 binds the
exposed GP (PDB 5F1B), and an unknown trigger brings about (&RBpostfusion
conformation (PDB 1EBO).
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1.6 The crystallization of EBOV GP provided a basis for @irther study
Thethreedimensionaktructure othe EBOV GPectodomairhas been solved

many times in many different forms. First to be resolved was an ectodomain cbaftru
postfusion GP2whichadopted the classitt r ioffheari r pi ns o0 conf or mat i c
postfusion glycoproteinsKig. 1.7, PDB 1EBQ.*® This 1998finding, as well as earlier
circular dichroism and electron microscopy datayvided further confirmatioof the
modelthat GP2 is thelass Ifusion subunit of GF® As this construct was created
through the expression of GP2 in isolation, its crystallizati@hsarmctural
characterizatiomlso suggestetthat GP1 holdshe GP2 subunit in its pifeision
confamation( i . e . , fwhithdse maodelod tdgperingcommon to many fusion
glycoproteinst®2-37Years laterjn 2008,the more challengingre-fusion ectodomain of
GP wassolvedin complex with the neutralizing antibody KZ52vealing a structure
thereafter referredtas aichalicéd(Fig. 1.8, PDB 3CSY.2* Notably, thisconstruct,
G P gpm lacked theMLD, which is dispensable for function and disrupts crystal
contacts338This structure illustrated, for thest time, the nature of the GRAP2
interaction and brought focus to the hydro
potential points where the perturbations of fusion triggering are brought abeut.
solving of this structurpromised to provid a template for further mechanistic insights
into GP function.
Figure 1.7. Postfusion
structure of GP2. A construct of
EBOV GP2 was crystallized in
isolation and adopted the classic

At r dioftheari r pi Nnso
conformation. PDB 1EB&®
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Figure 1.8. The EBOV GP chalice in complex with Fab KZ52A construct of EBOV
GPgpmuwas created for crystallizatiomth the mucinlike and transmembrane domains
excisedtwo N-linked glycosylation sites mutated, and complexed with Fab K@b2.
GP1GP2 monomer in the trimer is shown in color, with GP1 (cyan) and GP2 (blue)
possessig an internal fusion loop (purple). One KZ52 Fab is shown (green) making
contacts with aingleGP monomer. PDB 3CS#%.

Ensuing studies using variations of the EBOV{@RuU ¢ ¢ ohave\tieldadc t
manyprefusion structures, both isolation andwith binding partnerg¢Table 1.1). The
first to emerge were-ray crystaland cryeEM structures oGP in complex with other
neutralzing antibodiesbut 2016 saw the publication thfe first unligandedtructure of
GP, as well as severahtibodybound,glycan capcleaved, and recepttound
structures Today, despite the existence of at least twaintge distinct structures of
EBOV GP, a definitive identificatiorof the GP fusion triggsrremains to be realized.
Structural characterization of GP in complex with a fusion trigger would be expected to
display conformations distinct from the gresion chalice, perhaps involving some
trarslocation of the internal fusion loop out of its hydrophobic pockee. structues of
glycan capcleaved GP (G&) and the GB.-NPC1 overlay nearly seamlessly onto that

of unliganded GP, with only minor differences in conformatigig.(1.9).2”31-3%40This
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suggestshat the conformations promotey glycan cap cleavage and NPC1 binding are

no different fromthe conformatiorof the prefusion uncleaved and unliganded trimer

That glycan cap cleavage and receptor bindiregconformationally silent eveniget are

required for the execution of an imkatly conformationally dynamic process is a

dissonance that further work must rectfurthermorestructural data suggests that

every antibodybound structure of GP is supaposable on the unliganded structéié®

44 These findings imply that GP is conformationally static, suggest that cleava@#, NP

and neutralizing antibodies (nAbs) exert biological effect without altering GP

conformation, and fail to shed light on the mechanism of fusion triggering.

16

Figure 1.9. Crystal structures of
uncleaved, cleaved, and NPGhound

GP. Monomeric GP is showmliganded
(blue, PDB 5JQ3), cleaved and stabilized
by KZ52 (red, PDB 5HJ3), and cleaved
and bound to NPC1 (yellow, PDB 5F1B,
and green, PDB 5JNX). 5F1B reflects a
structure obtained via-xay
crystallography, whereas 5JNX reflects a
cryo-EM structure. As an be seen, the
four structures overlay nearly identically,
aside from truncations attributable to
differences between crystallization
constructs.



Year Construct Co-Crystal  Methodology Group(s) Publication PDB
Partners
1998 GP2 - X-Ray Wiley Molecular  1EBO
Cell
2008 | GP@mmu Fab Kz52 X-Ray Saphire Nature 3CSsY
2016 | GP opmu Fab100, X-Ray McLellan Science 5FHC
Fab114
2016 | GPgmuc Toremifene X-Ray Stuart Nature 5JQ7
2016 | GPopmu Ibuprofen X-Ray Stuart Nature 5J0OB
2016 | GPopmu - X-Ray Stuart Nature 5JQ3
2016 | GP T M NPC1 X-Ray Gao Cell 5F1B
thermolysin
cleaved
2016 GP Fab c2G4, Fab Cryo-EM Saphire, Ward Nature 5KEL
(with MLD) c13C6 Micro.
2016 GP Fab c13C6, Cryo-EM Saphire, Ward Nature 5KEM
(with MLD)  Fab BDBV91 Micro.
2016 GP Fab c4G7, Ha Cryo-EM Saphire, Ward Nature 5KEN
(with MLD) c13C6 Micro.
2016 GP, KZ52 X-Ray Saphire mBio 5HJ3
thermolysin
cleaved
2016 GP, NPC1 Cryo-EM Yan Cell 5INX
thermolysin
cleaved
2018 GP gomu  Benztropine X-Ray Stuart J. Med. 6F6S
Chem
2018 | GP mpmu Bepridil X-Ray Stuart J. Med. 6F5U
Chem
2018 | GP mpmu Paroxetine X-Ray Stuart J. Med. 6F6I
Chem
2018| GPpmu Sertraline X-Ray Stuart J. Med. 6F6N
Chem
2018 GP opmu Imipramine X-Ray Stuart J. Med. 6G9B
Chem
2018 GP gomu Clomipramine X-Ray Stuart J. Med. 6G9l
Chem
2018 GP quuo Thioridazine X-Ray Stuart J. Med. 6G95
Chem
2018| GPgpmu Fab CA45 X-Ray Fuerst, Ofek Nature 6EAY
Comm.
2019 | GP mpmu Inhibitor 118 X-Ray Stuart J. Med. 6HS4
Chem.
2019 | GP pmu Inhibitor 118a X-Ray Stuart J. Med. 6HRO
Chem.
2019 | GP@pTM FabADI- X-Ray Saphire Nature 6MAM
thermolysin 15946 Struct. Mol.
cleawed Bio.

Table 1.1. Published structures of EBOV GPTo date at leastwenty-three structures of
EBOV GP have been published. Térdy unliganded structure, 3CSY, was published in 2016 by
Davi d 8roup?aThe construct used in that work forms the basis for the studies performed
in this report.
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1.7 Motivations for the discovery of the EBOV GP fusion trigger
Discovery of the EBOV GP fusion trigger will engender a mechanistic

understading of GP function. Our structural understanding of EBOV GP is still in its
nascent stages, and it was only crystallized in itdys®n conformation within the last
12 years, and we know very little about how specific regions and residues contribute to
protein function. This was alarmingly highlighted by the emergence of the A82V mutant
in the recent West African epidemic. This mtitn, which lies in a seemingly
inconsequential region of the glycoprotein, bestowed heightened fusogenicity and
became thelominant circulating strain quickly after its emergetcgimilarly, the 1544T
mutation has been thought to be involved in immune evasion, but its impact remains

largely unexplored’#°

1.7.1 Ebola virus diseaserevention and therapy
Viral pathogens present many unique challenges to medical research. One
challenge lies in the fact that viruses carry few unique components and rely on host
machinery to reproducd&hus, thereare limited viral targets against which effective and
selective treatment and prevention strategies can be desaymitde mainstay otherapy
for many viral infections is supportive caWith somenotable exceptia includingHlIV,
modern mediine lacksantiviral therapies with concrete bases in mechanistic inhibition.
When faced with limited opportunities for intervention, a functiamalerstanding
of each viral element is critical to the development of new antiviral therapies and
prevention strategies. In enveloped viruses, among the most promising targets are the
surface viral envelope glycoproteins, which are exposed for targ&B@QV GP is one

such target.
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Thedesign of an EBOV GP vaccine antigen has been explored, mostynwitiil
the recently approved recombinant vaccine, Ervebo, by Merck. This vaccine is a simple
viral pseudotypé the vesicular stomatitis virus (VSV) coredbmg the EBOV GP surface
virion. This vaccine effectively prevented cases of laboratonfirmed Ebola virus
diseasewith an efficacy of 100% in a trial across Guinea and Sierra Leone, and is currently
being administered in the DRC outbréélDespite the success of this vaccine, must
remain vgilant that EBOV GRmay mutate in response to it, necessitating reformulations
that require a mechanistic understandiflgjs is currently the major chatige facing the
influenza vaccinethe simple presentation of HA on an inactivated virion is ambgestly
effective asavaccine antigenand does not bestow breapectrum immunity’

In addition, the presence of a vaccine should not precludeeweappment of
therapies againsEbola virus diseaseWhile many small molecules have beeo
crystallized with GP Table 1.1), none have been established as potent therapies against
Ebola virus diseaséJnderstanding the necessary conditions for GP fumciimassist in

the mechanistic design of inhibitors.

1.7.2 Learning fundamentals ofclassl fusion

Another reason to pursue the GP fusion trigger is to gain a more complete
understanding of class | membrane fusion. Besides EBOV, class | viruses include
influenza, paramyxovirus, HIV, and Lassa virds they belong to the same class,
lessons about éhfusion triggering of one virus can inform the study of othéms.full
fusion triggering pathway of class | fusion has never been fully characterized

For decadeghe existence of an extended intermediate between tHagioa and

postfusion statesias been postulated. For membrane fusion to proceed, an intermediate
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must exist to bridge viral and target membrarieg. (1.4. Studieson class | fusion
glycoproteéns involving mutagenesis, epitope mapping by conformational antibody
binding, comparisonsf proteolytic sensitivity, and structural and biophysical techniques
have provided evidence of intermediate states, some of which may be reversibly
populated*® Furthersupport for the existence of this intermediate comes from studies in
HIV, where inhibitorypeptides were shown to bind and stabilize the gp41 extended
intermediate® Thus, while ample @gdence exists to support its existence, this extended
intermediate has never been visuadior characterized.

By characterizing the fusion trigger for EBOV GP, we stand a chance at
stabilizing the intermediate conformation for thdimensional charactezation.
Discussed later, this endeavor is a major future direction stemming from the work
presented here.

1.8 Energetic control of class | membrane fusion

The fusion triggering process is one of many examples in nature of the throwing
of a biological switcH® Generally, biological switchesreunder thermodynamic or
kinetic control(Fig 1.10. When areactionis said to be under thermodynamic control,
the relative stability of reactants and products determines the extent of the reectioa
inherent nature of a system is to collapse to the lowest possible eneegpasaid on the
energies of the varioymssible states available tofactors that favor the reaction
thereforealter the energy landscape to shift thactiontowards the formation of
productsi.e. to increase the stability of products relativestctantsKinetic control,
instead, inelves a modulation of the rate of transitions between states. When an object is

held in a thermodynamically unfavorable state by a large activation ethatgyrevents
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transitions out of that stat is said to beinder kinetic controlFactors that faer the

reaction thereforeJower the activation enerdggr reactants to become products.

@ Thermodynamic control (reversible) Figure 1.10. Kinetic and
pH7 pHS thermodynamic control of
. . biological switches Possible
g 5 free energy diagrams are shown
¢ __/—\_ g _/_\— for the fusiortriggering of
B - influenza HA from prefusion at
HAN HaL AR AL neutral pH (HAN) to post
Conformational state Conformational state fUSion at |0W pH (HAL) a, A
i Kinetic: contiol Grreveisible) thermodynamically controlled
pH7 pHS transition, in which low pH
_ _ ol changes the relative stabilities of
§ g § HA-N and HAL to make HAL
g g the more favorable state, A
= = _/_\_ kinetically controlled system, in
HAN HAL BAN HAL which low pH lowers the
Conformational state Conformational state aCtivation energy fOf the

exothermic transition from HA to HA-L. Reprinted with permission from Baker, D. &
Agard, D. A. Influenza hemagglutinin: kinetic control of protein funct®inucture2,
9071910 (1994).

Class | membrane fusion a process under kinetic contiéhergetically, class |
fusion triggering is an exothermic process, and is singular and irrevesiipld. (11).
Removal of the fusion trigger, or restoration to the environmeatalittons of pre
fusion, does not returthe glycoprotein to its priusion conformationThermodynamic
control, converselyis6 hi st or y i whehdhe startidgecanditions are regained,
the initial distribution of states must also retfitin class | fusion, no such thing occurs.
To use influenza HA as axamnple, thestablecoiled-coil conformation of postusion
HA is the low energy state both at neutral and lowi pldturningpost-fusionHA to
neutral pH does not restaits pre-fusion conformatiort® This is in contrast to other

proteins that exhibit biological switching, for example hemoglobin (Hb), which has a

higher affinity for oxygen at neutral pfR statexhan it does at low pKIT state) This
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switchingfacilitates the delivery ofxygen to acidic, metabolicalgctive muscle tissue
(i.e. the Bohr Effect}° This is a thermodynamicallyontrolledprocess, as protonation
induces a conformational changeHb which translocates a key histidine residteser
to anearbyaspartate residue, increasing the pK of the histidine and lowénmgverall
affinity of Hb for oxygen.Return to neutral pH reveges those changd3rotonation
changes the relative stabilities of the R and T stadfiecting thermodynamic contrti

In kinetically controlled class | membrane fusiongce the height of the activation
energy barrier is lowered, thermodynamic concerns govern the transition-fagost
Therefore the most gtical state for triggering is the higgnergy transition statbat
exists at the peak of the barri€id. 1.17). Factors that lower the activation energy for
fusion triggering increase the likelihood of the-fusion conformation adopting the
transiton state conformatio.hese factors are fusion triggers.

19The fusion O0trigger6 faotior Ebol a is 1i kel

Whenconsideringhe factors necessary and sufficient for@@gering it is clear
that, unlikel AV HA, the fusion trigger for GP iskely not a singular input like low pH
butmore likelyis a combination of variousereafteitermedii f us ogen,&@ | np
proteolytic cleavage, receptor bindjhgw pH, reductionandendosomal calciungince
no single input has been identifiedthsfusion trigger (i.e. both necessary and sufficient
for fusion),evidence suggests thrmhumber of simultaneouspuats present in the
environment of the late endosome tagfether tadecreaséhe energy of activation of
fusion triggering’Fig. 1.11). In fact, recent data from studies sensitive to tmesolved
protein dynamics suggest that GP is conformationally dynamic and responds to a variety

of candidatdactors®°2The identification of whiclof theseactors ardona fide
22



Energy ——

fusogenic inputs ia major goal of EBOV researchhe following sections provide a
brief discussion of what those fusogenic inputs may be.

_— Figure 1.11. Reaction coordinate of
iemedate EBOV GP triggering. Prefusion GP exists
in ametastableonformation, in which
“nergy energy is stored within electrostatic contacts
between amino acid side chains.
Perturbation of these contacts by fusogenic
inputs decreases the activatiemegy of the
triggering reaction and favors the adoption
of a highenergy extended intermediate
conformation. When the collapse of this
extended intermediate to the possion
conformation coincides with the successful
engagement of thiE-L with the targt

Pre-fusion

Post-fusion

Reaction Coordinate ——> membrane, a productive membrane fusion
event occursPDB 5JQ3 and 1EBO.

First,however,t is important to note thele of temperature in the energetics of
membrane fusion. Temperature does not raise or lower the activation @rdrgon
triggering,but rather influences reaction ratedsfiningthe kinetic energy of the protein
sample At a given temperatura,certain number of molecules in the sample possess
enough kinetic energy to overcome the activation energy for fusion triggering. The
distribution of kinetic energies @ll molecules in @amplej.e.the Boltzmann
distribution,is heavily influenced by taperature andefines the rate of the reactidn.a
reaction coordinate such as that showRigure 1.11, kinetic energy can bésualizedas
the propensity of molecules to agitate horizontally and vertically within their local energy
wells, as water iraheldcup sloshes over the edgé&se pre-fusion conformation of a
fusion glycoprotein exists within a kinetic trap, in which the kinetiergy of the protein
determines its ability to overcome the energy of activation for exothermic coltapse

postfusion (Fig. 1.11). Thus while temperature itself is not a fusogenic input, it can be
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controlled to modulate the kinetic energy of the santhrebyidentifying the existence
and relative deptbf a kinetic trap.
1.10 The role of furin maturation in GP function is not fully understood

EBOV GP undergoes two separate cleavage events prior to coordinating fusion.
The firstcleavagewhich occurs inthe producer ceBhortly after translation of the GP0O
proprotein is the furinmediated maturation of GPO to the GBP2 dimer. Furinis a
proprotein convertadecated in the tran&olgi, andproteolytically activates several
proprotein substrates ihe secretory pathay >3 The consesus site for furin cleavage is
RX-K/R-R, although the minimal furin cleavage sitdR¥XR.>3 This furin cleavage is
critical for the function of many class | fusogemgjudinglAV HA, which is
synthesized as an inactive precursor HAO that is thenagdieglmvmature HAHA?2
dimers(Fig. 1.12). Low-pathogenicity strains dAV contain a monobasic cleavage site
between KA1 andHA2 andarethereforenot cleavable by furin; instead they ateaved
by trypsinlike serine proteases that are either secretedlimextracellular spacer
reside at the plasma membrambis greatly restricts their tissue tropism to the
respiratory tract, where Club cell tryptase is present to activatpathiogenicity HA?
Conversely, higipathogenicityAV strains bear a polybasic cleavage $RBKKR at the
HA1-HAZ2 interface that is recognized by furin. The ubiquitous expression of furin means
that these higipathogenicity strains are n@stricted to a single tissue type.

EBOV GRMayinga contains a polybasic cleavage sequéRBd,RRat the GP41
GP2 interfac€Fig. 1.12. Theendoproteolytidurin cleavageof GPOwas initially
thought to be required for the functionEBOV GPin the same way as it is for HAs it

liberates the Nerminus of GP2 adjacent to theL " It was even postulated thise
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lower humanpathogenicity oEbola Restoncompared té&bola Zaire, was due its

lower susceptibility to furin cleavage®®However early infectivity assaym both celt
based and nehuman primate modethowed thaa non-cleavable GPO mutant precursor
proteinis efficiently recruited to the viral surface aiscapable of mediatg infection

and diseas® the same degree as mature @P2°">8Indeed, work presented later in
thisdocumensupportghat finding. Thus,unlike many other viral fusion glycoproteins,
furin maturationis not required for GP functicand, by some definitions, jeopardizes its
status as a class | fusion glycoprotéftowever because thpolybasic furin recognition
sequencés highly conserved in circulating GP straifigin maturatiormayplay an
unknownrole inin vivo EBOV infection perhaps within the animal reservoir. Further

studies in candidate reservoir species, most notably fruit bats, may reveal this role.

EBOV GP

MGVTGILQLPRDRFKRTSFFLWVIILFQRTFSIPLGVIHNSTLQVSDVDKLYCRDKLSSTNQLRSVGLNLEGNGVATDVPS
ATKRWGFRSGVPPKVVNYEAGEWAENCYNLEIKKPDGSECLPAAPDGIRGFPRCRYVHKVSGTGPCAGDFAFHKEGAF
FLYDRLASTVIYRGTTFAEGVVAFLILPQAKKDFFSSHPLREPVNATEDPSSGYYSTTIRYQATGFGTNETEYLFEVDNLTY
VQLESRFTPQFLLQLNETIYTSGKRSNTTGKLIWKVNPEIDTTIGEWAFWETKKNLTRKIRSEELSFTVVSNGAKNISGQS
PARTSSDPGTNTTTEDHKIMASENSSAMVQVHSQGREAAVSHLTTLATISTSPQSLTTKPGPDNSTHNTPVYKLDISEAT
QVEQHHRRTDNDSTASDTPSATTAAGPPKAENTNTSKSTDFLDPATTTSPQANHSETAGNNNTHHQDTGEESASSGKLG
LITNTIAGVAGLITGGRRTRREAIVNAQPKCNPNLHYW TTQDEGAAIGLAWIPYFGPAAEGIYIEGLMHNQDGLICGLRQL
ANETTQALQLFLRATTELRTFSILNRKAIDFLLQRWGGTCHILGPDCCIEPHDW TKNITDKIDQIIHDFVDKTLPDQGDNDN
WWTGWRQWIPAGIGVTGVVIAVIALFCICKFVF*

HIV env (NL4-3)

MRVKEKYQHLWRW GWKWGTMLLGILMICSATEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTEVHNVWATHACVPT
DPNPQEVVLVYNVTENFNMWKNDMVEQMHEDIISLWDQSLKPCVKLTPLCVSLKCTDLKNDTNTNSSSGRMIMEKGEIKN
CSFNISTSIRDKVQKEYAFFYKLDIVPIDNTSYRLISCNTSVITQACPKVSFEPIPIHYCAPAGFAILKCNNKTFNGTGPCTNV
STVQCTHGIRPVVSTQLLLNGSLAEEDVVIRSANFTDNAKTIIVQLNTSVEINCTRPNNNTRKSIRIQRGPGRAFVTIGKIGN
MRQAHCNISRAKWNATLKQIASKLREQFGNNKTIIFKQSSGGDPEIVTHSFNCGGEFFYCNSTQLFNSTWFNSTWSTEG
SNNTEGSDTITLPCRIKQFINMWQEVGKAMYAPPISGQIRCSSNITGLLLTRDGGNNNNGSEIFRPGGGDMRDNWRSEL
YKYKVVKIEPLGVAPTKAKRRVVQREKRAVGIGALFLGFLGAAGSTMGAASMTLTVQARQLLSDIVQQQNNLLRAIEAQQ
HLLALTVWGIKQLQARILAVERYLKDQQLLGIWGCSGKLICTTAVPWNASWSNKSLEQIWNNMTWMEWDREINNYTSLI
HSLIEESQNQQEKNEQELLELDKWASLWNWFNITNWLWYIKLFIMIVGGLVGLRIVFAVLSIVNRVRQGYSPLSFQTHLPIP
RGPDRPEGIEEEGGERDRDRSIRLVNGSLALIWDDLRSLCLFSYHRLRDLLLIVTRIVELLGRRGWEALKYWWNLLQYW
SQELKNSAVNLLNATAIAVAEGTDRVIEVLQAAYRAIRHIPRRIRQGLERILL

Influenza H5

MEKIVLLFAIVSLVKSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDILEKKHNGKLCDLDGVKPLILRDCSVAGWLLGNP
MCDEFINVPEW SYIVEKANPVNDLCYPGDFNDYEELKHLLSRINHFEKIQIIPKSSWSSHEASLGVSSACPYQGKSSFFR
NVVWLIKKNSTYPTIKRSYNNTNQEDLLVLW GIHHPNDAAEQTKLYQNPTTYISVGTSTLNQRLVPRIATRSKVNGQSGR
MEFFWTILKPNDAINFESNGNFIAPEYAYKIVKKGDSTIMKSELEYGNCNTKCQTPMGAINSSMPFHNIHPLTIGECPKYVK
SNRLVLATGLRNSPQRERRRKKRGLFGAIAGFIEGGWQGMVDGW YGYHHSNEQGSGYAADKESTQKAIDGVTNKVNS
IIDKMNTQFEAVGREFNNLERRIENLNKKMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLRDNAKELG
Egggl%FIYHKCDNECMESVRNGTYDYPQYSEEARLKREEISGVKLESIG IYQILSIYSTVASSLALAIMVAGLSLWMCSNGS

Figure 1.12. Furin cleavage in class | fusion glycoproteind-urin cleavagesia
common hallmark across fusion glycoproteins. Ab@vecursor protein sequences for
EBOV GP (UniprotQ05320Q, HIV env (UniprotP03377, andlIAV H5 (Uniprot
D9I6N5) are shown witlihe polybasic furin sequence highlighted in red.
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1.11 Glycan cap cleavages a priming event in GP activation

The second cleavagwentin the stepwise activation of EBOV GP is the removal
of the glycan cap and muelike domain from GP1. Thioccurdollowing
macropinocytosis within the late endosome of the targethgelligh tle successive
actions of cathepsins B and Cathepsins B and L aserine proteases with pH optima of
~5; consequentlyhe acidification of the late endosome throdlgd actions of vacuolar
ATPasesupportgheir function?* Successive cleavages brihg0-kDa GP1 down to a
19-kDa fusiorcompetent primed form via 8Da and 2e&Da intermediate$’ The 56
kDa intermediate retains a large portion of thegncapand | ar gel y r esembl
constructs used in crystallography anditro assaysandthe 20kDapossesses some
degree of fusion functiof?.19-kDa GP is the most fusiecompetent® Characterization
of these intermadtes wagerformedby Brecher and colleagues in a 2012 publication,
which includediposome binding studiessingGP ectodomain cleavage intermediates.
The mixing of biotinylated liposome with 28 19kDa GP in the presence of low pH
promoted membranenuing a proxy indicator for fusion function, as detected by
streptavidh pulldown The addition of urea or hetat low pH conditiondurther
increasednembrane binding. This study found thatki®a GP couldind liposomesat
temperatures about 10°C lowteancouldthe 2GkDa intermediate, indicating that
stepwise cathepsitleavage unlocks progressively greater fusion function in EBOV
GP?®

A majorrole of glycan cap cleavage is to expose the binding site for NPC1, the

receptor for EBOV GP?NPC1 is a membrane protein that is trafficked to late
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endosomes and lysosomes, and is involved in cholesterol homedssasigh, it is
present in the late endosomal membrane after cathepsins B and leimaved the GP1
glycan capThe role of cellular receptors in viral fusion varies from virus to virus. For
many retroviruses and coronaviruses, binding to a host cell receptor isesuiffoctrigger
fusion?! For othersthe receptor acts merely as a docking factor that engages the viral
glycoprotein and increases the spatial probability that the triggering of that glycoprotein
will be productive fomembrane fusiotf?* A more complete modébr these viruses
includes some consideration that receptor binding acts as an allasteratori that
receptor binding is neither a simple docking phenomenon nor a full fusion trigger, but
rather smething in betweerNPC1 certainly serves as an attachment factor for cleaved
EBOV GP, andstudies show that it is not the fusion trigger for @Purthermore,
crystallographic data sugdehatit does not induce conformational changes in BB.(
1.9).3%4However, results from celcell fusion assays indicate tfdPC1may
conformationally prime cleaved GP farsion, as the addition of soluble NP@ibt
associated with membranie)these assays augmented-@Bdiated fusiof® Thus, while
crystallographic data suggest that neither glycan cap cleavage ndorduieging are
conformationally significant events, biochemical and infectivity data suggest otherwise.
1.12 L ate endosomal acidity may play multiple rolesin GP function

Evidence suggests thaBBV virion uptake initiates vialathrirmediated,
caveolinmedidged macropinocytosi$>?® Through the actionsfdhe small GTPase Rab5,
virions are trafficked into nascent endosomes where they are sorted for lysosomal
degradation. As the endosome matures, lunphiatlecreasega the function of vacuolar

ATPaseto dissociate receptdigand pairs angromote the atvity of a variety of acid
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hydrolasesin some cell types, the pH of the lysosomal lumenreaohas low as 4.8
Some viruses, likbAV, have evolvd to take advantage of the physiologic acidification
of the endosomerotonation of specific residues on HA trigger vealdosomal
membrane fusion.

In the case of EBOV, the role of low pH remains contegikd.necessity of the
acid-activation ofcatheins B and L isvidely acceptedbut therelative importance of
anydirect protonation oEBOV GPis a subject of debat8omestudies aver that low pH
is not a trigger for Ginediated fusionas GPmediated celtell fusion can occur at
neutral pHE® However the same studies and others use low pH pulses as part of the
experiment to trigger celtell fusicn andGP-liposome bindingas well asn studies on
the isolated fusion peptid&2°%8%Furthermore, fusion by glycan cajeaved GP
pseudoviions is sensitive to bafilomycin, an agent that raises endosomaidiehating
that low pH plays a role in GP function subsequent to cathepsin acti¥afibaos, it is
reasonable thypothesizehatdirect protonation of GRontributes directly to GP fusion
triggering in a similar, albeit less dramatic, way as it doe$lA.

1.13 Certain histidine residues in GP may coordinate pH responsiveness

Theside chain imidazole of histidine, with pk 6.Q allows histidinethe
property ofacing as both a acid and a base, andhydrogen bond donor and acceptor
within the physiolagical pH rangé®%4 Therefore, the placement of histidine residues
within a protein structure can have large, conformatiorrallgvant effects. The theme of
histidine as a pksersing residue is ubiquitous in protein biology, including the notable
roles of histidine iHAV HA triggering and a surfaeexposed histidine triad important

for Lassa virus GP triggerirfg.5°
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< Figure 1.13. Histidines within GP may

. contribute to pH sensing Nine histidines lie
N\ within the cleaved GP polypeptide. Histidines in
GP1 are shown in red, and GP2 histidines are
shown in yellow. PDB 5JQ3.

There are nine histidines within the glycan-cigmaved GP polypeptd five of
which are poised to potentially coordinate pH senskig.(1.13). Histidine 139 lies in a
beta sheet that forms part of the NPC1 recepitarling domain and may help relate the
conformational changes brought on by NPC1 binding to those brought on byeadios
acidification. Histidine 154 lies adjacent to the fusion loop of the neighboring protomer,
and its protonation may induce repulsive forces that push the IFL out of its hydrophobic
pocket during triggering. Histidine 197 lies inferior to the ksdtard i w8 thadflanks
the IFL and may make contadtsstabilize the wrist. Thus, its protonation may relieve
the clamp that GP1 places on GP2. Relatedly, histidine 516 and histidine 549 lie within
the GP2 wrist, and their protonation nmaguce repulsiometwesn the GP2 wrist and

GP1 clampHistidines unlikely to participate in pH sensing are His39, which lies at the
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outer edge of the GP1 chalice, &#6l02,H613, andH628, which lie in the GP2 stem
(Fig. 113).
1.14 Endosomal calciumplays a role n GP function

Recat studies havalsosuggested a role for calcium in GP functi8it The
identification of selective estrogen receptordulators (SERIS) as potential aniEBOV
drugs led to the discovery thiese drugs may act to induce the accumulation of-endo
lysosomal calciuni® In addition, the chelation of luminal endocytic calcium also
specifically inhibited EBOV infectiof? Later, moredirect infecivity assaygperformed
by Nathan et al . i n SdhevadthatEBOViertly 8s gr oup a
significantly reduced when extracellular calcium is depleted or intracellular calcium is
chelated’? Within the same publication, researchers found that isolassarf peptide
consisting of residues5€86 0 (i . e. the full Afisto and A\
fusion of large unilamellar vesicles when exposed to low pH buffer at physiologically
relevant calcium levels (2mM). When calcium is chelated awaydégree ofudsion
drops by nearly 50%. Direct biophysical studiefrom the same groughowedthat
calcium directly interacts with residues D522 and E3&4tich flank the IFL(Fig.
1.14).72 Other acidic residues that may participate in this interactioB%28 and E545.
Theseobservations havereated a hygthetical modeunderwhich thelFL of EBOV GP

coordinates C4 ions, thereby adopting a motkhelical character favorable for

membrane insertioff.
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Figure114. Aci dic residues in ®©heThetleRlnadf ifsutsa
A wr ireshawn @ purple and blue spectively, with acidic residué3s22, E523,
E540, and E54%ighlighted in redThese residues may act to coordinate calcium cations.
PDB 5JQ3.
1.15 SMFRET is sensitive to timeresolved protein dynamics

Despite the conclusionsggested by structural analysg#sEBOV GP, the role of
GP as a viral fusion glycoprotein necessitates that it is conformationally dyreenuiass
| fusion is an inherently conformationally dynamic procdsee postfusion crystal
structure of GP is radatly different from prefusionstructures, indicating thatis
capable of the dramatic conformational translocations common to all viral fusion
glycoproteins Fig. 1.6).%° Furthermore, experimental data detailed above, including
NPC1 binding and glycan cap cleavage, have suggested GP dynamics goubthav
directly demonstrated #.°°Thus, whilecrystallography and cryEM methodobgies
havebeen invaluable in understanding GP strugtarere sensitive approaches are

required for a complete characterizatidrG®® dynamicsTheseapproacksincludethe

use ofsinglemolecule Brster Resonance Energy Transfer (smFRE&)hodology
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First developed in 1996, smFRET is a novel variant of standard FRET, which is
itself an extension of conventional fluorescence microsédpRET relies ontte ability
to indirectly excite a fluorescent dye molecule, or fluorophore, via another fluorophore
through intermolecular longange dipoledipole coupling(Fig. 1.15).”® The indirectly
excitedf | uor ophore, termed the 6acceptordo, is
emission of the primary fluorophoe , termed the O6donor 6. Thus
leads to emission by the acceptor. One fional readout of FRET is the intervening
distance between the two dyes, as reported by the extent -ohdiative energy transfer
between the dye$his valie is estimated by the efficiency of the energy tran&eor the
ratio of acceptor emission ttotal emission intensity. For the calculation of irdge

distance, the following relationship is used:
y Y
O p Y
WhereR s the interdye distance anBy is the interdye distance at whick = 0.5
(i.e. the ©rster radius). The dfster radius depends on the overlap between the donor

emission and acceptor excitation spectra, as well as the molecular orientations of the dyes

in threedimensional space and the quantum yield of the dtnor.

A ’ ;:\»Q—FRET—»OI’_’:‘

Figure 1.15. Forster Resonance Energy TransferA) Dipole-dipole coupling of two
fluorophores with compatible spectra is required fREF. B) FRET efficiency scales
inversely with inteifluorophore distancézromLerner, E.et al. Toward dynamic
strudural biology: Two decades of singheolecule Forster resonance energy transfer.
Science (80)359(2018) Reprinted with penission from AAAS’?
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For decades, FRET has been used to study biological processes in real time. The
technique has given researchers an unprecedented degree of power in odgeeang
phenomena like binding kinetics, enzymatic catalysis, and macromolecular complex
formation to name a few. More recently, the techniguesadapted such thatdividual
dye pairs can béoth spatially and temporallsesolved creating smFRETReattime
tracking of dye pairs allows for the correlation of FRET states to-tied conformational
states a significant advantage over previous bulk assays, in which-lsrexitstates are
averaged out due to the asynchronicity of kinetic transifidfae first demonstration of
SmFRET was with dye pairs linked by short DNA strands, and was then used to monitor
the colocalization of ligand® streptavidin oranimmobilized surfacé®>’® From there,
the fieldjumped into the study of conformational changes within larger macromolecules
like enzymes and structured RNAThus, smFRET hasvolved intoa powerful tool to
study conformational dynamics.

The application of smFRET to viral glycoproteins began with assays on env, the
fusion glycoprotein oHIV. Conssten with the assumed dynamics of viral glycoproteins,
Munro et al. found thatinbound prdusion HIV env sampled multiple discrete FRET
states’’ The introduction of soluble ligand (CD4) enriched some FRET states, which, as
expected, corresponded to ligapound conformations. Conversely, the introduction of
neutralizing antibody favored a FRET state that correspotmedclosed, ligandree,
ground state conformatiofhesefindings indicated thatntrinsic access tdigand-bound
conformations is required for HIgnvfunction, and that a potential mechanism of action

for neutralizing antibodies is to prevent the avnidgional capture of prexistingligand
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boundconformations’ Fundamentally, the finding that free, unbound;foision HIV env
is intrinsically capable of samplingultiple functionallyrelevantconformationsproved
SMFRET as a viable technique for the study of other viral glycoproteins.

1.16 Note onprotein dynamics

Whenattemptingto conceptualize how viral envelope glycoinsrespond to

proteolytic priming, bind ligand, and coordinate fusiamat one finds is that the
essential natusof proteindynamics andhe proteinligand interactiorcan be
conceptualized imultiple ways Prevailing thought holds that free piriagexist in static
ounbounddé conformations wuntil the introduc
conformation, as a lock is engaged by a key or a trap is released by a mouse. While this
A musetrapandt r i gger 0 model i s recisaesidence to suggeshtbae pt u a |
this is not what occur& more accurate understandiisgone of dynamic conformational
samplinggt hat i nstead of existing inotan static 0
exists at an equilibrium state in which it may gpdermany discrete conformations. These
states include, but are not limited to, ligamalind and ligandree conformations. Under
thismodel, rather than triggering a conformational change, the indtioduof ligand
engenders a shift in tlomnformationaknergy landscape that favors select
conformational state(s) over otherBhus,thermodynamic control can exist within a
system that is more globally controlled kinetically, i.e. while onefgsean conformation
may be the prevaildfongioooupanéyy mat hensima
Characterizing the range of these conformations can shed light, therefore, on protein
functionConceptually, this can be thylganggoit of a:

preexisting protein conformations.
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1.17 IAV HA is the canonical class | fusogen

Hemagglutinin, the surface envelope glycoprotein oirtileenzavirus, is the
most heavily characterized viral fusion proteand is the canonical moeetiving class |
viral fusion glycoproteinTherefore, conclusiongawn from the study of HA for decades
have been regarded agplicable tanany, if not all, class | fusion glycoproteins.

HA binds to sialic acid moieties on a target cell surfaugmediates entryfdhe
virus into the host cell by coordinating membréumson FurthermoreHA is the major
surface antigen against which amtiluenza antibodies are produced, and as a result it
undergoes significant antigenic variatiérSynthesized as an inactive precursor, HAO,
hemagglutinin requires cleavage in the tr@wgi by endogenous furin proteases into its
active subuits, HA1 and HA2(Fig 1.16). These subunits remain assded through
extensive noftovalent interactions and a disulfide bond near therhinus of HAL.

Like EBOV GP1 and GP2JA1 governs the recognition and binding of sialic acid and
HA2 contains the fusion machinery that coordinates the merging of thendddost
membranes. This fusion machinery includesi@@inal transmembrane domain
anchored in the viral membrane andtighly conserved, fferminal, 25residue fusion
peptide that inserts into the target membrane during fusion. On the viral surface, HA
assembles into trimers of HAA2 heterodimers. The three HAL subunits are globular
head domains that form a cage arotimatriplestranded, membrarenchored coiled coill

of alpha helices formed by the HA2 stalk subu(ftig 1.16)."°
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Figure 1.16. The pre-fusion conformation of HA.

HA is a trimer of heterodimers, with each head domain
(red) in possessioof a sialic acid receptdsinding

site, while the stalk machinery (blue) coordinates the
dynamic refolding events of fusi. The stalk domains
possess an{&rminal fusion peptide (green) that
inserts into the target cell membrane. PEZRX0.8°

1.18 HA study can reveal universal themes for class | fusogens
For no other proandirn gigse rtoh enofdned u sneotrrea ph e

it is for HA. HA coordinates fusion by first binding sialic acid moieties orcéie
surface via the receptinding domain (RBD) on HA1, after which the virus is
internalized into a cellular endosome via receptediated endocytosis. As the pH of the
mature endosome drops to approximately pH 5, a cascade of dramatic refoldisgogvent
the HA2 fusion machinery brings about fusion. Current belief holds thdugien HA is
a tightly wound trap, and that the introtioa of ligand (protons) triggers a snap into a
postfusion state an irreversible transition without the existencéooig-lived

intermediates®2°Besides its promise as a target for dmfiuenza therapy, this makes
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HA a daunting object of study againstiaiinto testhe hypothesis of dynamic
conformational sampling.

The X-ray crystal structure of bromelagleaved HA (BHA) was first elucated
in 19818! Bromelain cleavage releases #wduble domain of HA from the viral
membrane and allows for crystallization and other structural studiefidtoa BHA is
held in a meastable, higkenergy configuration. The HA1 subunit surrounds and
stabilizes the HA2 subunit through extensive hydatyt interactions, with the primary
focus of stabilization between HA1 and théd®p of HA2 This interaction is
traditionally thoughtb as an HA1l dAcl ampo which holds b
HA2 - i.e. that the disordered-Bop contains the potéal energy required to overcome
the kinetic barrier to membrane fusit}! In addition, HA1 forms a hydrophobic pocket
in which the HA2 fusion peptilis sequesteréd.

The X-ray crystal structure of pestision BHA allows us to infer the
rearrangements of fusion. As the endosome acidifies, protonation of different residues on
HA cause fusion peptide release and HAe clamp dissociation, enabling thdéoBp
of HA2 to undergo a loofo-helix transition and release its stored potential energy. This
swings the fusion loop at the-tdrminal tip ofHA2 out of its pocket and towards thest
endosomal membrane. Part ofikeD melts to form the turn in the peftsion hairpin
structure. Finally, the @erminal end containing the transmembrane domain of HA2
partially unfolds and zippers up the core helicslstoom t he ca-ofoni c al Atr
hai r and drambe viral and edosomal membranes togetierThus, the kinetic

barrier to membrane fusion is overcome and the viral replication cgoteues.
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1.19 Open questions in HAfunction

Although the crystal strigres for preand posfusion HA were discovered
thirty-five years ago, the retime refolding of HA has never been observed in a native
environment on the surface of a virion. As a result, many questions regarding the
transition from preto postfusionremain.

A major question in HA conformational dynamics is whether activation is driven
by the dissociation of the HA1 head domains or by release of the fusion peptide from the
hydrophobic pocketoth of which are thodw to be driven by protonatioffhetwo
competing models are shownfigure 1.17481 n 201 5, Kelly Leebs gr
University of Washington performed innovative assays on HA as it approached the pH of
membrane fusion using hydrogdeuterium exchange masssfrometry (HDXMS).

Briefly, HDX-MS is a technique in which a protein is immersed in deuterated water such
that hydrogen at backbone amides can exchange with deuterium in the water. The
reaction conditions are controlled such that rate of hydrdgeiterum exchange

depends on the flexibil and exposure of that region. This step is followed by
proteolysis and mass spectrometry. By studying HS profiles of HA at different pH,
they found evidence to suggest that dissociation of the HA1 head domaisngaived

in initial activation, ad insteadhatexposure of the fusion peptide is the initial step in

HA activation. This result agreed with previous work by White and Wilson in 1987,
which showed that antibodies could bind the fusion peptide and #mel IT termini of

HA1 at a pH highethan what was required for an antibody to bind the H#XL inter-

protomerinterface?®
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Figure 1.17. Uncaging vs. FP release models of HA functio”®) The crystal structure

of the HAZ:HA2 heterodimer with notable domains hiighted. B) Competing models of
HA activation. Either uncaging of the head domains or fusion peptide release is the
primary step of activation, which leads to the formation of an extended intermediate and
ends in the podusion stateReprinted with permgsion from Garcia, N. K., GuttmaM.,
Ebner, J. L. & Lee, K. K. Dynamic changes during dniliced activation of influenza
hemagglutininStructure23, 665 676 (2015).

Another questiom HA function is regarding the role of sialic acid, the cellular
receptor for HA. For decadesialic has been considered a simple docking factor, but
recent data suggests that it may play an allosteric role in conformational triggediiog
head domain uncagirf§ Thus, a more nuanced view of sialic acid binding may yield
mechanistic insights into HA trigging.

1.20 Neutralizing Antibodies Against HA

A clinical goal of studying HA is to develop better strategies to prevent and treat

influenza infection. Current vaccination strategies are aimed at the production of

antibodies thiblock the binding of HA to thsialic acid host receptor. These-&titive

antibodies (HI = hemagglutinin inhibition) are very strain specific, and lose efficacy due
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to antigenic drift by the HA globular head domain, necessitating annual reformulation
basd on surveillance dafa.

Relatively recently, research into broadly neutralizing antibodies has yielded
several exciting candidates with applications for antiboalsed therapy and vaccine
design. The first broadly neutralizing antibody, C179, isakted from a mouse and was
found to bind the stalk domain of several HA variants. In contrast to the head domain, the
stalk domain of HA is largely conserved and is a more lucrative target for vaccination.
Stalkreactive antibodies have shown broadtradizing activity by binding
corformational epitopes that 1) prevent{attluced conformational changes, 2) prevent
HA cleavage in certain influenza strains, and/or 3) trigger antideggndent cell
mediated cytotoxicity (ADCC) and complemenediated cydtoxicity.*”#2 The ability
for these antibodies to lock HA into neutralized conformations is of particular interest, as
they exploit specific structutieinction relationships within the HA molecule.

1.21 Thesis regarch goals& overview

1.21.1The studyof IAV HA

The first parts of the rest tifiis document introduce and detail the taval a half
yearsthat | spent attempting to develop and validate a smFRET construct of IAV HA
(Chapter 3andChapter 4). This work began wh the aim of using singtenolecule
FRET to visualize the conformational dynamics of HA on the pseudoviral surface. It
aimed to continue to look at more nuanced aspects of HA function, specifically whether
pre-fusion HA1 acts as a static clamp on HA2, whiatny, conformational role sialic

acid binding plays in HA function, and whether an allosteric connection exists between
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the HA1 head domain and the HA2 fusion loop. Finally, | hoped to examine how head
reactive neutralizing antibodies bind HA and aiterconformational dynamics.

| hypothesized that the head domain are not static clamps on the stalk and have
intrinsic access to an uncaged conformation that allow them to reversibly sample the
pathway to fusion. Imaging the HA head domain at neutravptdd reveal whether the
head domain is intrinsically dynamic, and imaging at the pH of fusion (pH 5.2) would
allow for the identification of the uncaged FRET state. Mutations in HA, including those
that 1) introduce disulfide linkages to crdsk the head domains and 2) prevent HAO
cleavage into HA1 and HA2, would provide negative controls to identiffysien
FRET states.

Sialic acid, the host receptor for HA, is thought to act as an attachment factor for
IAV binding and endocytosis. | hypothesizedttthe HAsialic acid binding event is not
just a docking phenomenon distinct from the conformational changes of fusion, but rather
induces specific conformational changes in HA that promote fusion. By imaging the head
domain in the presence of sialic adite effect of receptor binding on head domain
dynamics would be elucidated. Imaging HA in the presence of antibodies that block sialic
acid binding would provide for the identification of FRET states and lead to a better
understanding of their mechanisfaction.

| also hypothesized that an allosteric connection exists between the HA fusion
peptide and head domains. Evidence to suggest this connection comes from studies that
discovered certain point mutations in the HA2 fusion peptide which restrict HA1

flexibility, bestowing resistance to an HA&lnding neutralizing antibod§? Site-directed

41



mutagenesis of the HA2 fusion peptide and subsequent imaging of head domain motion
would allow for the testing of this allosteric connection.

The achievement of these aims required the development of an smFRET construct
of IAV HA that would reporton HA1 head domain movemerito this end, | developed
SMFRET constructs with multiple labeling sites about the head and stalk domains of HA,
and spent significant time testing them for functionalyer time, for a variety of
reasons outlined below, thegesific aims shifted with the scope of the projectd in
the endcompletion of these ainfailed before the completion of Aim 1.

Additionalwork within HA emerged thanks to the successful work of a-dost
Dibyendu (Dev)Das. Dev developed and studia HA2 smFRET construct which
reported on motion of the fusion loop and fusion machinery of HA, which was published
in Cell in 2018(Fig. 1.18).84 In this construct, the préo postfusion transition of IAV
HA was accompanied by a transition from hERET to lowFRET. Using this tool, Dev
was able toxamine theeffects of low pH exposure and target membrane introduction on
IAV triggering. Furthermore, he was able to show that IAV triggering is, to a degree,
reversible and that reversible exchange can occur between the canonifasipre
conformationand two intermediate conformations of HA2nly upon prolonged
exposureo low pH, or in the presence of target membrane, would the conformational
changes become irreversiifeThese findings were foundational in HA research
provided real evi dence -angtariinggd e rad emadealoni c
supportedhe hypothesis of dynamic conformational sampfhigly contributions to this
work were largely irsupportive and instructive ratel taught Dev, who only had a

background in microscopy, how to perform molecular biology techniques that idclude
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PCR, gel electrophoresisgll culture, immunoasys, and infectivity experimentis
addition, | provided him with reagents and labor in the form of plasmids, western blots,

and infectivity assays$:or these contributions, | was listed as second author on his paper.

Endosomal
Acidification
——

Fusion

Pre-fusion Post-fusion

0 1 2000501015
Time (s} probability

Figure 1.18 An smFRET construct toreport on HA fusion peptide movement This
SmMFRET construct contains a dye pair within the HA stalk fusion machinery (blue). In
the prefusion conformation, dye proximity reports as high FRET, which lowers as the
glycoprotein trangions to postfusion. To the right, probability histograms showing an
increase in loWFRET state occupancy as pH is lowergdapted with permission from
Das, D. K.et al. Direct visualization of the conformational dynamics of single influenza
hemagglutim trimers.Cell 1i 12 (2018) do0i:10.1016/j.cell.2018.05.050. Figures were
cropped and rearrangeddmanizesmFRET histograms on the rigtDB 2FK0%°

Because of difficulties in the development and validation of the HA head domain
SMFRET construddetailed below)l attempted to usb e vvalslatedHA2 smFRET

construct to examinthe influence of neutralizing antibodies A2 fusion peptide
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motion.| planned testudy the effect dboth stalkreactive and heacdkactive neutralizing
antibodies on fusion peptide dynamics. | hypotheksilzat both classes of antibodies
would act to irhibit formation of the lowFRET postfusion stateandwould do so by
stabilizingdifferent intermediate conformatioriBhis endeavor addedfaurth aim to my
overall aims within influenza researdbnfortunately, after several months of
troubleshooting,was unabl e t o r ecr eat Bes®atenipts ardd A 2
detailed belown Chapter 4.

In summarythemajor goas of my work on IAV HAwere to observéhe intrinsic
dynamics of HAto probehow sialic acid binding affects HA head domain motiard a
to observe the effects of different neutralgzentibodies on HA conformation. Using a
selfgenerated smFRET construct to report on head domain motion, | hoped to elucidate
how heaereactive antibodies act, and whether they prevent head domain undaging
addition, | hoped to pursue how sialic acidding influences HA conformatiotlsing
Dev 6 s s mF R Bdreporioon faision pegtitle motionhoped to observe how
stalkreactive antibodies act, and whether they block HA2 refoldimfortunately as

outlined below(Chapter 3 andChapter 4), noneof these projecteeached completion.

1.21.2The study of EBOV GP

Following the failure of the 1AV projects, | changed to study EBOV Gpen
guestions in EBOV GP function were fundamentally different to that of IAV HA,
partially due to the relatively recent davery and characterization of EBOV GP; the first
pre-fusion HA structure was elucidated in 1981, andfpsgon GP was only cryallized

in 2008.Inheriting a labeling strategy to report on the motion of the GP IFL, | first

S

n

attempted to characterizethtG ect odomain (GP®TM; TM = tran
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for its conformational dynamics and explore its utility as a vaccine antigennitibe
guestions drivingny work in EBOV GP were as follows:

1. Does soluble EBOV GP display the same conformational dynamictias GP?

2. Do the A82V and544T mutations from the 20136 pandemic increase the

antigenicity of EBOV GP?

3. Can specific mutations GP centered about the fusion loop increase its

antigenicity?

This workaimedtoward the structurbased design of a rectmant glycoprotein
vaccine for Ebola viruand is outlined irChapter 6. By utilizing sSmFRET]) hoped to
characterize how neutraing antibodies bind and stabilize soluble GP, and then use
mutagenesis to engineer a stable presentation of neutralizatisitive epitopes on GP.
Utilizing the information matrix for structufeased vaccine design put forwardtbg
NIH Vaccine Reseah Center in their development of an RSV vaccine, | hopéd
explore existing and previousitudied mutations in EBOV GRIrfincreased
antigenicity,2) evaluatestructurallydesignednutants for antigenicity via ELISA)
evaluate structure via cryieM and SEM with collaborators, and 4) evaluate
immunogenicity in animal studies with collaborat®r&®

While this project was exciting and challenging, the high bar of designahg an
testing a vaccine antigen, in the face of the logistical challenges of animal models and the
1-1.5 year timeline for graduatiand return to medical schoollateramended my aims
to focus more on studying the function of GP:

1. What is the dynamic proél ofthe GP ectodomairand how does it
respond to cleavage and NPC1 binding?
. What is the effect of pH on Gédbnformational dynamics and function?

2
3. What is the effect of calcium on GP conformational dynamics and
function?
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This shift infocus to concentratess on antibodypased studies and more on the
effects of cleavage, receptor binding, pH, and calcium on\EB®was also, irpart,
duetoearly ELI SA data (discussed | ater) showe
waslessreactive toneutralizing antibodiethanwaswild-type GRpPI'M. This data
suggestdthat themodification of GP for smFRETaltered GPreactivity to the base
binding antibotes KZ52, 2G4, and 4G7, and the glycan-bapler13C6. This finding
reducel the external validity of using smFRET to study adlediated GP neutralization
andpresented an insurmountable challenge to using this smEBESTIruct to inform the
development o& structurebased vaccine.

A third shift in focusoccurred late in my PhD thesis, after | realized that my
SmMFRET construct auld not report on the conformatioreffects of calciun{discussed
later). Thus, | decidetb explore the role of pH in GP triggeg more closely and
observe howurin cleavage and glycan cap cleavatfuence the effects of low pH.

Thus, the final aims of the EBOV GP work were as follows:

1. What is the dynamic profile ofthe GP ectodomainand how does it

respond to cleavage and RC1 binding?

2. What is the effect of pH on GP conformational dynamics and function?

3. What are the effects of furin maturation and glycan cap cleavage on the

pH responsiveness of GP?

Thefirst phase of thiswork wastopd or m s mFRET on GP@TM to
its conformational dynamicat steadystate.The hypothesis driving this phase was that
thehomogeneity opublishedGP structureslied n an i nherent static r
An analysis of the conformational dynamafshe GP ectodomain, thereforeould also

include an analysis of whether the transmembrane domain of the native trimer and/or its

proximity to the viral membrane influence its ability to sampldtiple conformations
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This work was published in paralleith analogous work performed by pakic Natasha
Durham and fellow student Angela Howard, who both worked on a smFRET construct
bound to the pseudoparticle surface, designed with the same labeling strategy as my
G P oo T Bhstouct. By comparing observatioasross the two constructs, we were able to
draw conclusions about t h eThiswonkfagpearedih i on al
the January 2020 edition Wirusesand is outlined ifChapter 5.5

This work then moved on to measure the
cleavage and NPC1 binding. The motivations for this work werddWio 1) | wished to
evaluate the published structures of glycandapved GP and NPG&iound GP for thie
conformational fidelity, and 2) | wished t
further study of GP conformation, tiee use of soluble pratepresents logistical
advantages for continued work in both smFRE® single-particle cyo-EM. This work
is presented and outlinedtime first sections o€hapter 7.

After validatingGP qpTavs f ai t hful ly refmywwrki ng dnat
moved onto subsequent aimé which Icharacterizé the effects of furin maturatn and
glycan cap cleavage dbP functionand conformatiomnd evaluatétheir roles in the pH
responsiveness of GBs outlined irthe later sections @hapter 8. A central philosophy
behind the techniques used here is that SmMFRET can be used to monitoiftiseéopre
conformational samplig of GP to identify potential fusogenic inputs by their ability to
promote fusiorcorrelated conformation8y identifying thog factors which have
thermodynamic control over the pigsion conformational sampling of GP, we can also

identify factors releant to altering the energy landscape for GP triggering.

a7



The central hypothesis guiding this work is thadirect protonation is a
thermodynamic and kinetic modulator of EBOV GP function, andthat the
proteolytic maturation of EBOV GP potentiates its respase toprotonation.

1.22 Contributions to this chapter

In this Introduction, | createdll figures unless indicated that they weraated

from publicationsAll structural representations were generategyMOL. Table 1.1

was createdn my ownafter a PDB sarch of relevant EBOV GP crystal structures.
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2. Materials and Methods
2.1General sSmFRET experimental workflow

Before introducing mettdsbelow, | feel that it is warranted to explain, in

general, the workflow fodeveloping SmFRET construciEhese endeavoi®gin with

the identification of a macromolecule of interest and end with the colletidanalysis

of SmFRET data.

1. Modify or mutatethe macromolecul®f interest to allow fothe site-specific

ligation of fluorophoreso the macromoleculé&or protein tegets, outab has
historically done this by inserting specific amino acid sequences at or after the
desired residues. Thesght- or twelveresidue sequences are recognized by
bacterial phosphopantethienyl transferases (PPTases), which ligate CoA
conjugded dye to a serine side chain in the sequém\ore recentlywe hae
alsoused an amber stop suppression method that uses mutagenesis to replace
specific residues with TAG amber stop codons.iluprotein production, an
appropriate aminoacyRNA synthetase, tRNA, and n@anonical amino acid
(NCAA) with a click-chemisty functional side chaiare supplementedhe
NCAA occupies the site of the desired residue, and can be labeled efficiently via
click chemistry®¥°! This technique is thoung to be less disruptive to protein
function than the insertion gieptide stretchasto the protein sequenceut more
difficult and expensive due to the use of NCAAs and additional plasmids in the
transfection procesas well as the limited efficien®f readthrough of the amber
stop codonFor RNA targets, labeling has been achieved through direct chemical

methods.
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2. Affirm the functionality of the nadified construct. Because we want to study
wild-type dynamics, we wish for mutant labetmahstructo goproximate the
behavior othewild-typetarget For the study of viral glycoproteins, wenfirm
that pseudotypeparticlesbeaing the mutated protein are fusoger@ur goal is
at least 50%usogenidy relative towild type. Fusogenicity assays consit
standard viral entry assays, including Bldr delivery,luciferase expression,
and EGFP expressioRor RNA molecules, wedve showrthat they are capable
of dimerizing and binding protein at similar levels as vijide construct§?

3. Produce, label, and puyitonstrucfor smFRET For the study of viral
glycoproteins, ampk produced for smFRET bears a mixture of wild type and
mutantconstruct and the ratio is determined empirically such that eactged
particle {irion or isolatedprotein trimej contains a single mutant, labeled
protein. Thiskey step enablabe singlemolecule spatial resolution that our
technique offers; our microscope cannot resolve beyond indivVildoatscent
particles ontie functionalized quartz surfacehe number of fiorescent moieties
within a single particle can be quantified by the number of observed
photobleaching events in the resulting fluorescence traces.

4. Conduct smFRET Experimenfehe smFRET construet boundto a
functionalized quartz slide and imageaaderwide-field TIRF in the presence of
buffer (10mM Tris, 50mM NaCl) containingtriplet state quenchers (@M COT,
1 mM NBA, 1 mM Trolox) and reactive oxygen species scavengems\(2PCA

& PCD enzyme)lmaging is executed through the acquisition of imagekstat a

50



desired exposure and length. For the imaging of protein dynamics, 40 ms

exposures were taken for 500 frames, resulting in movies lasting twenty seconds.

5. Analysis of sSmFRET data can take many fodapending on the applicatipbut
involves the usef SPARTAN (Singlemolecule Platform for Automated Real
Ti me ANalysis) software, developed

Hospital, formerly at Weill Cornell Medicine) within MATLB. This software

package is set for the streamlined processirggrdfRET data from image stacks.

First, it identifies particles as point spread functions (P8ka&)extracts traces
from the image stackgéttrace3. Next, traces are filtered for adherence to

defined criteia to select those with sufficient lifetime arigrsatto-noise ratios,

remove those with wellefined artifacts, and summarize their ensemble behavior

(autotracg. These criteria include FRET lifetime, doftoracceptor correlation,

signal to noise, bagkound noise, and other criteria customizablehayser.

Subsequent analysis further detailed later.

2.2Cell lines

HEK 293T, A549,and Vero cells (American Type Culture Collection; ATCC)
were maintained at 37°C and 5% £0On Dul becco 6 s Mmn@OMENM,ed
ThermoFished 1995065 with 10%CosmicCalf Serum HycloneSH30087.02, 1% L-
Glutamine (ThermoFishé&5030081), and 1% penicillirstreptomycin (ThermoFisher
151406122). FreeStyle293F cells (ThermoFish&79007 were maintained at 37°C and
8% CO; with orbital shaking at 125 RPM FreeStyle 293 Expression Medium

(ThermoFishef2338026.
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2.3Plasmids

pVRC9195, encoding th&/Vietham/12032004H5N1 HA wasa gift from Peter
Kwong (Vaccine Research Center, MD). For retroviral pseudotyping, arlLHB&g/Rol
construct was used (gift from Walter Mothes Lab, Ya@@MVqR8.2 plasmid and
p HR 6 CGlMi¥plasmid were gifts from Carol Weiss (FDACMV-BlaM-Vpr plasmid
(Addgene plasmid #21950) was used in the production ofldetamasearrying
pseudoparticle®’ VSV-G plasmid was a gift from the John Coffin Lab (Tufts University
School of Medicie).

pHLsecG P T, ddeatedoy collaborator Kartik Chandran (Albert Einstein
College of Medicine) within pHisec (Addgene plasmid #99845, Edith Yvenlones), a
mammalian expression plasmid with a secretion signal sequeasaised for expression
of GP%pHMsecG P o Tavicodes thEBOV GP-Mayinga sequence (UniProt
Q05320) with deletions of residues 3483 of the mucin domain and residues-638
of thetransmembrane domailm place of the transmembrane domarGterminal T4
fibritin foldon trimerization peptidéGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGT
and a 6XHis tag were adde(Fig. 2.1). This construct closely resembkegonstruct
used in thdirst crystallization of unliganded prtision GP Fig. 1.3, PDB 5JQ3¥’ An
EBOV G P-iaginga (Genbank accession numbér 066246plasmidwas used
for pseudoparticlgeneratonMo di f i cati ons t o GPHRVEBCto gene
and a Ofuttpwekk performed via sitkrected mutagenesising the New

England Biolabs Q5 SitBirected Mutagenesis kiEQ5549.
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Plasmid encoding the luminal domain C of NPC1 (NRZ}Ivas obtained from
collaborator Kartik Chandran (Albert Einstein CollegeviEdicine) and used to express
soluble NPCiC %

2.4Immunoblots

Denatured protein and pseudoparticle samples war on 420% polyacrylamide
gels (BioRad 4561094at 156180V for 6690 minutes or untithe sample dye front
migrated to the bottom of the gel. The-gggmbrane sandwich was assembled and
placed in a cassettad transferred to nitrocellulose membraaeS00mA for 90
minutes Membranes were blocked with 5% milk in PBST overnight ata@t°for one
hour at room temperaturBrimary antibody incubation was performed after blocking for
one hour at room temperature.

1 1AV H5 was detected with mouse mAb (Abcam ab135382) at 1:3,000 in
5% milk in PBST.

1 HIV p24 was detected with mouse mAb (GeneTex BM\2)lat 1:2,500 in
5% milk in PBS.

1 Betalactamase was detected with mouse mAb (QED Bio QED1570) at
1:200 in 5% milk in PBST.

1 EBOV GP1 was detected using either mAb 2% 1:1,000 or mAb
H3C8&% at 1:120.

1 VSV matrix protein (VS¥M) was detected with mAb 23H12 (Kerafast
EB0011) at 1:2,000.

After primary antibody incubation, blots were washed threes with PBST for

5 minutes per wash at room temperat@econdary antibody incubation was performed
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using horseradish peroxidasenjugated rabbit anthouse IgG Fc (ThermoFisher 31455)
at 1:2,500 in 5% milk in PBSTFollowing secondarantibody incubabn, blots were
washed three times with PBST for 5 minutes per wash at room tempeBitisavere
developed with SuperSignal West Pico PLUS Chemiluminescent Substrate
(ThermoFisher 34580pr five minutes at room temperatuidots were imaged on a
Syngae G Box
2.50verlap extension PCR

Overlap extension PCR was used to insert A1 and A4 sequences into plasmids for
SmMFRET construct generatidPrimers were designed to read from cut sites upstream and
downstream of the peptide insertion point towards thetinsepoint Fig. 2.1, A & D).
Another set of primers were designed to flank the peptide insertion point and contain the
Al or A4 sequence as a frianging tail Fig. 2.1, B & C). Rounds of amplification were
performed independently with each set of prsn@ne upstream set, one downstream
set) to generate overlapping fragments. A final round of PCR was performed to create the

full insert, which was then digested and -sldned into the parent plasmid.

A -
s
. | |
—
B D
A
— Fragment CD
T T T
Fragment AB D

Figure 2.1. Overlap extension PCROne of manytecmiques used to insert peptide
sequences into a known sequence of interest.
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Primer Sequence %GC

VNO4 Blpl F Gcacctgctgagcagaatc 58
VNO4 Blpl R Gattctgctcagcaggtgc 58
VNO4_BamHI_R Cacagcagatctggatccg 58
VNO4 Xbal F ccgctctagagatatcgc 56

VN0O4 HA1Gl78 R | CCACTCCAGCATGTCCAGGCTGTCGCCctcatcgcacataggatt 58
VN0O4 HA1GIu78 F | GCCTGGACATGCTGGAGTGGAGCCTGATGttcatcaatgtgectgag| 55
VNO4 _HA1Asp37 R | CCACTCCAGCATGTCCAGGCTGTCGCCatcggceggcegtatcecgcet 67
VNO4 HA1Asp37 F | GCCTGGACATGCTGGAGTGGAGCCTGATGaaggagagcacacag 57
VNO4_HA1Argl27 R| CCACTCCAGCATGTCCAGGCTGTCGCC Ctctcagctgcagtctcac 62
VNO4 HA1Argl27 F | GCCTGGACATGCTGGAGTGGAGCCTGATGgataatgccaaggagd 57
VNO4 HAlLys143 R| CCACTCCAGCATGTCCAGGCTGTCGCC Ccttgtggtagaactcgaa 58
VNO4 HA1llLys143 F| GCCTGGACATGCTGGAGTGGAGCCTGATGtgctmatgagtgcatg | 55
VNO4 HA1Aspl58 R| CCACTCCAGCATGTCCAGGCTGTCGCC Catcgtatgttccatttct 53
VNO4 HA1Aspl58 F| GCCTGGACATGCTGGAGTGGAGCCTGATGtaccctcagtacagcgg 60
Table 2.1. Primers used for generation of HA head domain smFRET construct
Primers used for overlap &xsion PCR to insert A1 sequences at HA1 E78 and HA2

D37, R127, K143, and D158 are listed.

2.6 GagPolH5 pseudoparticle production
GagPolH5 pseudoparticles were generated to assess pseudotyping conditions for

H5 plasmid, and fothe creation of SmFRET comstts in H5 On day 1, HEK 293T cells
at 6080% confluencyvere transfected with H5 plasmid and HIVdPal plasmid. For a
6-we l | pl ate, 45 €L of Lipofectamine 3000 r
OptiMEM werecombined. For a 10 cm dish, 43.4 L of Lipatamine 3000 Reagent
(ThermoFisher L300000B nd 456 . 6 ¢ (TheonioFisDgr 81089 NEre
combined. In a separate tube, plasmid and P3000 reagent were combinedwetlr a 6
plate, 0.1 e€g of HA plasmid, 1gentgandl5 GagPo
eL of Opti MEM pevwell Eor & 1l® onbdish,85 € g of H5 pl as mi
of GagPol pl asmi d, 11 ¢L of P3000 Reagent,
per dishForaéwe | | pl at e, 125 ¢ L -QpfiMEM higturdwasp of ect a |
combined with the plasmiB3000 mixture and allowed to incubate 1615 minutes at

room temperature. Foral0cmdiShQ 0 € L of t he {OptiMeM ect ami ne
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mixture was combined with the plasi8000 mixture and allowed to incubate for 10

15 minugs at room temperature. Meanwhile, media was exchanged on the cells.
Fadlowing incubation, the transfection mix was added slowly, dropwise to the cells. Cells
were returned to the 37°C, 5% &i@cubator.

On day 2, media was removed and replaced with fresdtia containing 7
muU/mL bacterial neuraminidase frovh cholerag(Sigma N6514).

On day 3, viral supernatant was collected. Cellular supernatant was filtered
through a 0.45 em filter and spun at 20,00
pseudoparticlesSupernatant was discarded, and pseudoparticles were resuspended in an
appropriate buffer.

2.7BlaM-Vpr fusion assay

HIV-BlaM-Vpr-H5 pseudoparticles were generated sinyilts GagPolH5
particles, but with the additional ¢mansfection® 5 pECHIV-BIEM-Vpr plasmidin
a 10 cm dishOn Day 2, media was exchanged with freshEN¥containing 7 mU/mL
bacterial neuraminidase. On this day, target cells were seeded inteal @arbottom
polystyrene plate (Corning #39@@M8¢els/weli. t h 100
On Day 3, viral supernatant was harvested and filleredr ough a 0. 45 em f i
cellular debris.

Infection was performed following the protocol set forth by the Greend3*b.

Briefly, target cells were coetl on ice for three minutes, and then media was aspirated.
Cells were infected with a titration of viral supernatant and spinoculated at 3700 rpm for

thirty minutes at 4°C. Cellswerkte n cool ed again, and well s v
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of col d HBcBIGphendl tedrde complete media was added to each well and
the plate was incubated at 37°C, 5%.3@ 90 minutes.

Using the LiveBLAzer FRET B/G Loading Kit with CCF4AM (Invitrogen),
cells were incubated with Solution 1 or Solution 3 @grerimental condition overnight
at 11°C. The next morning, fluorescence intensity at 400 nm excitation and 460 nm and
528 nm were read using the BioTek Synergy H1 plate reader. Degree of asio
measured by the degree of delivery of beta lactamaskssidf FRET, was calculated as
a function of the ratio 450 nm to 520 nm fluorescence sigiigl 2.1). Results are
displayed as a response ratio (RR) of FRET signal divided by backgrousdisEay

was developed by Warner Greene.
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DNA +
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Figure 2.2. The BlaM-Vpr infectivity assay A schematic overview of the BlaMpr

assay. Delivery of bettactamase enzyme leads to the cleavage of a fluorescent substrate,
which is detected via plate readBepriried with permission fronCavrois M., De

Noronha, C. & Greend). C. A sensitive and specific enzyrhased assay detecting

HIV -1 virion fusion in primary T lymphocyteslat. Biotechnol20, 1151 4 (2002).
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2.8 Luciferase infectivity assay

HIV-Luc-H5 pseudopaitles were generated with t@ansfection o¥iral
envelopepCMV pR8 . 2 f or t he ,ared rpHR.OGMY10cEA digdhb o n e
of HEK293T cells, 0.5 e€g of H5 plasmid, 5
p HR 6 GlMi¥were transfected. On Day 2, media washanged with fresh DMEM
containing 7 mU/mL bacterial neurandlaise. On this day, target cells were seeded into a
96wellclearb ot t om pol ystyrene plate (Corning #3G¢
at 50,000 cells/well. On Day 3, viral supernatant e@kected and filtered through a 0.45
em f il ter taradebriseTarget eells gverd infaected with a titration series of
viral supernatant. 48 hr or 72 hr after infection, cells were lysed following the Promega
Luciferase Assay System (Promega ##1)5 Bioluminescence was measured on a
BioTek Synergy H1 plateeader, automated to dispense Luciferase Assay Reagent into
each well.

2.9V S V & P-GP pseudoparticle production

HEK 293T cells at 80% confluency were transfectedwitk I GP gpmuc pl asr
in a10cm dish.PolyethyleneimindPEI MAX, Polyscience247651) was used for
transfection at a mass ratio of 4fLlPEIMAX to plasmid DNA 24 hours post
transfection, cel |l sGRR¥IVE pseuddpaticlegftdronwi t h VSV
Heldwein Lab, originail from Kerafast EH1019PM). Supernatanvas collected 24
hours posinfection, filtered througha 0.456m f i | t er ( 720O05andFi s her (
frozenin aliquotsat-80°C.Bald particles were generateddescribedut with mock

waterplasmid transfectia.
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2.10 V S V (&P pseudoparticle infectivity assays

Vero cellsat 80% confluencyn a 6well platewere infected with28 L o f
thawedpseudoparticlsupernatand i | ut ed I nt o &n@idcukzatedfdrone s h me
hour at 37€. For that hour, the plate was ¢gragitated everyl5 minutego assisin the
spread opseudoparticleacross the well ared mL of fresh media was then added
each welland infection was allowed to proceed for a total of six hours. Cells were then
collected by trypsinization andses/ed for GFP expression using flow apttry
(MACSQuant Analyzer 10Flow cytometry results were averaged across technical
replicates and standard error was calculated across biological replicates. For plotting, data
was normalized to an appropriate caripon condition.

For pH neutralizatiomssaysthawed pseudopartickipernatant was exposed to a
5-fold volumetric excess of low pH buffer for 30 minutes at 37°C, room temperature, or
ice. Acidity was then neutralized by dilution into a-fetd volumetic excess of DMEM,
andpseudoparticlewereused for infection immediately. For evaluation of glycan-cap
cleaved GBhmy, pgseudoparticle supernatamdse x posed t o 250 &g/ mL t
(Promega V4001) for one hour at 373€fore manipulation or infectiofor evaluation
of GR-#RMBC, pseudoparticles were exposed to 1U/mL HRV3C protease for 1
hour at 37°C before infion.

2.11 Production and labeling of pseudovirus for smFRET

HIV -1 pseudovirus for smFRET was produ@sisagPol particles, witthe
transfection of aempiricallydetemined ratio of wildtype construct to sSmFRET
modified construcon the GagPol HIVL backboe. Depending on requirements for

amber stop suppression, PyIRS plasmid was included during transfection, and non
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canonical amino acid (NCAA) was added during traasbn and supplemented on the
second day of transfection.

On day 3 postransfection, virasupernatant was collectddtered through a 0.45
e m f andgpwendgwn at 35,000 RPM for 2 hr at 4°C. Supernatant was discarded and
the viral pelletwasresupended in 500 €L PBS suppl emente
was incubated overnight iom tenperaturevith05 € M each of fl uoroph
and LD650 (Lumidyne Technologies) conjugated to coenzyme A (CoA; Millipore
Sigma) and 5 &M o feyltahier protansyynthase(§ep®eh z y me A
DSPEBiotin lipid wasthenaddedo t he | abeling reaction at
30 minutes at room temperature withiation. Free dye was purified away from virus by
gradient purification over a80% OptiPrep gradient, at 35,000 RPM for 1 hr at 4°C. The
gradient was manuallfiyactionatedand viruscontaining fractions were identified by
western blot. Pseudovirus wimen aliquoted and frozen &@0°C.

2.12 GP®TM expression in HEK 293T cell s

HEK 293T cellsat60-8 0 % conf |l uency were transfecte
and 30CEIle MAXf. PGP@TMg pbfasmi d in 5 mL Opti ME
300 ©€g of PEI ,incubated fon BO minptésj antEaitled to each flask.
Transfection proceedifor five days, after which supernatant was collected and filtered
t hr ough 0.(®hBrmarishef9i720-008).MNsNTA purification was performed
on the filtered supernatant.

2.13 Protein production in HEK 293F cells
FreeStyle 293F cells at 2 x8€ellsinL were transfected with 1gG P T M

plasmidina500 mLculturd . 5 mg of GP®TM pl asmid was dil
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FreeStyle 293 Expression Medium and 4.5 mg of PEI MAX was dilated® mL of
FreeStyle 293 Expression Medium. Diluted plasmid and PEI ea@rbined and allowed
to incubate for 15 minutes at room temperature. 250 mL of FreeStyle 293F cells at 2 x
10° cells/mL was pelleted at 400 xg for 5 minutes and resuspendedhirFiesStyle 293
Expression Medium. Transfection mixture was added dropwisells. The next day,
250 mL fresh FreeStyle 293 Expression Medium was added supplemented with valproic
acid to a final concentration of 2.2 mM in the 500 mL cultAtes days pst
transfectionsupernatant was collected by spin centrifugationandgqubsent 0. 45 & m
filtration. Protein waspurified through a twestep process with NWTA purification
followed by size exchange chromatograpisydescribed belaw
2.14 G P T Isbeling for smFRET studies

Following Ni-NTA purification, protein destined f@amFRET atidies was
exchanged it PBS supplemented with 10mM MgOAsing Vivaspin 10K
concentrators (SartoringS060L). Protein was incubated overnight at room temperature
with 5 &M each o4iCoAfahdibebeCpAlacrde s LB G t he |
enzyme AcpS?’88Labeled protein was purified away from free dye and enzymsize
exclusion chromatographgs described belaw

2.15 Ni-NTA purification of His -tagged protein

PerfectPro NINTA Agarose beads (PRIME GmbH) was prepared in aHBMD
EconeColumn and washed with 5x column volusiwé deionized water and 5x column
volume of PBS. Fikred cellular supernatant was passed over the colebriim®s via
gravity flow at room temperature, or supernatant was allowed to recirculate over the resin

overnight at 4°C via peristaltic floirollowing protein binding, resin was washed with
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15x colurm volumes of imidazole wash buffer (50 mM imidazole, 50 mM KH2PO4, 300
mM NacCl, 0.05% Tween20, pH 8) and eluted with 5x column volumes of imidazole
elution buffer (250 mM imidazole, 50 mM KH2PO4, 300 mM@, 0.05% Tween20,
pH 8).Purified protein wasone@ntrated anéxchanged into PB&sing Vivaspin
centrifugation and either frozen or used in subsequent purification steps.

2.16 Size-exclusion chromatography of protein

A Superdex 200 Increase 10/300 GL colui@i: Healthcare)vas prepared for

sizeexclusion chrmmatographySEC)by equilibration into PBS on a GE AKTA Pure
Protein Purification SystenNi-NTA-purified protein was loaded into an injection loop
and sample was flowed at 0.75 mL/min, with 1.5 mL fawikion.Fractions containing
GP T M identified by chromatography and SIPAGE, pooled and concentrated to
1-2 mg/mLusing Vivaspin concetratar€oncentration was measured across a dilution
series using 280m absorbancen a NanodropAliquots were fashfrozen in liquid
nitrogen and stored a80°C.

2.17 smFRET imaging

SmMFRET constructs wemmobilized on a functionalized quartz slidigher

using biotinstreptavidin affinity(for pseudovirusor using NiNTA affinity (for proteir).
For immobilization ofoseudowvius, a sandwich of bio#REG on the slide surface,
blocked streptavidin, and biotihSPEwithin the viral membrane was assembled. For
immobilization of protein, a sandwich of biotfEG on the slide surface, biciNTA,
and 6xHis at the @erminuws of theprotein construct was assembledaljng was
performedusing widefield prismbased TIRRwvith a 532nm wavelength laser

(Coherent, Santa Clara, CA, US@&)ig. 2.2. All protein constructs were imaged at 5nM.
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SMFRET data was acquired at room temperaturegisi e Manager software |
at 25 frames/§40 ms exposuréf Forlowp H i magi ng, GP®TM was i mn
neutral pH, and then exposed to low pH for five minutes prior to imagihgnaging

was performed iphosphater acetate bufferdepending on desired pebntaining

triplet-state quenchers 1mM cyclooctatetna (COT; Millipore Sigma38924, 1mM
(x)-6-hydroxy-2,5,7,8tetramethylchromang-carboxylic acid Trolox; Millipore Sigma

238813), and1mM -itrobenzyl alcoholNBA; Millipore Sigma N12821) to attenuate

blinking and photobleachint.Also included in imaging buffer was oxygen scavenging

system 2mM protocateait acid (PCA; Sigmaildrich) / protocatechuat8,4-

dioxygenase (PCD; Sigrealdrich).®® Prior to imagingGP @TM s mFRET constr
were treated overght with 1U of furin protease (NEB P8077S) to remove residual GPO.
Glycancapc | e a v e d-HRBBExbmdtructs were imagdollowing overnight

cleavage with 1 unit of HRV3C Protease in 1X HRV3C Reaction Buffer (Pierce 88946).

c.

Figure 2.3. Acquisition,
o 002 G880 10 analyss, and presentation of
.II smFRET data a, Prism
based TIRF was used to create
the evanescentdid for donor

[ & [l=1 dye excitation. Emitted light is
w0 % 1 ¢ detected at 550 nm (donor)

State Occupancy Hlstogram

Single-Particle Trace

e 1 - |
é: : ﬁ u ¥ W" W) i 0 020406081 ° and 650 nm (acceptor) and

Population FRET Histogram Initial FRET

%Zf}:} A WM | zrer mensncensivret particles are detected from
YR . movies using SPARTAN

h software. Flow cells are
prepared on functionalized quadides.b, (Top) Raw donor and acceptor fluoresce
traces extracted from smFRET movies, (Bottom) Calculated FRET trace overlaid with
idealization after HMMc, (Left) Population FRET histogram of raw FRET traces
summed over acquisition window. Gaussi#stributions overlaid and fit at each FRET
stateas determined by HMM. (Right, top) State occupancy histogram. (Right, bottom)
Transition density plots displaying the relative frequencies of observed transitions
generated from idealizations of individu&ET trajectories.

Time (sec)
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2.18 Analysis of SmFRET data
smFRH data was processed and analyzed using the SPARTAN software package

(https://www.scottblanchardlab.com/softwgie MATLAB (Mathworks). Briefly,

fluorescent particles were detected within acqumedies by identifying and aligning
point spread functiond®SFs)etween donor and acceptor channels. Fluorescence traces
were extracted by integrating pixels around each PSE@R@RET trajectories were
identified from those traceaccording tadhreshold of FRET lifetime, correlation
coefficient between donor and acceptor signals, sigrabise ratio, background noise,
donor fluorescence blinks, andnimumacceptoiintensity. To define a model describing
the behavior of the ensemble of particldglden Markov Modeling (HMM)wvas
performedwith thesegmental kneansalgorithm, with correction of the maximized log
likelihood for different numbers of model parametasig the Akaike information
criterion.1%9102 Opsened smFRET trajectories were idealized to staiéisin the model
using the segmentatikeans algorithm.

To generate population FRET histogramasv smFRET trajectories were summed
over the observation windgwnd Gaussian distributions with means reflegtime model
states of HMM analysis were overldigig. 2.2).

FRET state occupancy histograms were generatéddtgtrapping from
idealizedtraces and standard errors of theanoccupancy of each state for eddce
Results were plotted as hyalots representing occupancy averages with standand eso
error bargFig. 2.2 Appendix 6.1).

Transition density plots (TDPs) displaying the relative frequencies of observed

transitions were generated from idealizations of individual FRET trajestdids read
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https://www.scottblanchardlab.com/software

as heat maps, with initial FRET state oa #axis and final FRET state on theayis.
Also displayed are the number of transitions per second, a measure of overall kinetics
(Fig. 2.2). Quantification of transition rate was performed usirg $*ARTAN software
suite, in which model rates weretffitidealized traces using Maximal Interval Likelihood
criteria.
2.19 Statistics

Flow cytometry data quantifying EGFP expression in infected cells were averaged
across technical replicates, and standamt evas calculated across biological replicates.
Error kars reflect standard errof meansFor plotting, data was normalized to an
appropriate comparison condition.

Statistics on singkenolecule FRET data was quantifigtdtough bootstrapping of
idealizedFRET traces to extract state occupaany standard esrs Results were
plotted as bar plots representing occupancy averages with standard errors as error bars
(Appendix). Statistical significance was determined using-oag analysis of variance
(ANOVA). In all figures, aterisks reflect results of multippairwise comparisons of
group means for betweanr oup variance using Tukeyds hon
criterion. * = p < 0.05, ** = p <0.01, *** = p < 0.001.

2.20 Contributions to this chapter

Figure 2.1 was reprinted with permission fr@avrois M., De Noronha, C. &
Greene, W. C. A sensitive and specific enzylmased assay detecting HMvirion
fusion in primary T lymphocytedat. Biotechnol20, 1151 4 (2002). Allpanels in
Figure 2.2were created by mand it reflects data that | collected thesoluble GP

ectodomain (GPpTM).
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3. Conformational dynamics of the HA head domain

3.1Introduction

The following sections detail my attempts to develop an smF&REBEStruct of

influenza hemmaglutinin that would report on the conformational dynamics of the HA1
headdomain. My goal was to study how HA uncaging is tied to fusion triggering, and
how perturbations like the binding of sialic acid or the binding of fneactive
neutralizing antibodies influence HA1 moti¢aiscussed in Chapter.14s outlined
below, thiswork began with creation of four candidate smFRET constructs designed to
report on the HA head domain and languished for multiple years before | was able
successfully creatiisionrcompetenHlIV pseudotypes bearing HA. | was able to perform
preliminaryimaging of one head domain reporter smFRET construct, but infectivity data
laterdemonstrated thalhe modificatiors required forfluorescent labelingpadrendered it
insufficiently fusionrcompetent At this point, the strategic choice was madentadify
my goalsto include the study of an smFRET construct that would report on HA2 stalk
domain conformational dynamics (outlined in section 3.2).

3.2Construction and validation of HA head domain SmFRET construct

Singlemolecule FRET requires the labeling of targeacromolecule(s) with

fluorescent dyes capable of successfully achieving intermolecular difpake coupling
(i.e. a FRET pair)A standard FRET pairsed in smFRET studies is Cy3 and Cy5, which
are cyanine dyes with excitation/emission of 550/570 J@y8l 650/670 (Cy5), as donor
and acceptor, respectivel§? For our purposes, we use LD550 and LD650, analogs of Cy3
and Cypb, respectively, that have covalently attached trglate quenchers to increase

fluorescence lifetime and stability (sikaterials and Methods). Thefluorescent labeling
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of proteins can be achieved with iheertion of specific polypeptide sequenaadled Al

and A4 that are recognized by bacterial phosphopantetheinyl transferases such as Sfp from
B. subtilisand AcpS fronE. coli. These enzymesansferCoA-conjugated fluorophores

to the third serine residue in the target peptide sequeiticenigh substratespecifiaty,
allowing for the labeling of multiple sites in one reaction ve¥<gl.

To create an smFRET construot report on HA head domain motioh used
overlap extension PCR to insert the Al peptide sequé&BbSI(DMLEWSLNlinto five
candidate sites in th&/Vietnam/12032004H5N1 HA protein(VNO4 H5) (Fig. 3.1). This
protein was chosen as it is a higipigthogenic influenza strain that is currently threatening
pandemic in Southeast Asia. In addition, it corgdhre polybasic furin cleavage sequence
that drives the maturation of HAO to HA1/HA2 to neampletion n cell culture
modelst® It also has been shown to successfully pseudotype onto thd léwve, which
is the standard viral core used for SmFRET experiments due, in part, to its propensity for
recruiting a low number (~12) of protein trimers to each wiffo'% This propensity
facilitates the stoichiometric dilution of tagged protein with vtilgde protein to create
singly-labeled virus for smFRE{seeMethods and Materials).

The Al peptide sequence is recognizabldbgoli AcpS, whichsite-specifically
conjugates a CoAinked dye to the first serine residue in the Al sequéhTaus, bur
candidate smFRET comattswere createdb report on HA1 head domain uncagi@ne
site was inserted ithe HA1 head domain and four sites were placed in the HA2 stalk
domain(Fig. 3.1). In HA1, siteGlutamine 78vas chosen away from the recepbanding
domain in a nortonseved region of the head domain. In HA2, sites were chosen at

residues that do not dargo significant translocations in the pésiion structure and
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retain disordered thredimensional structures in both giesion and postusion (they do

not incorporaténto ana-helix orb-sheet). Norconserved sites were selected, as they are
less Ikely to be critical to HA function. This labeling strategy was expected to report on
HA1 head domain motion relative to a relatively stationary locus within the HA2 stem,
with ahypothesizedbw FRET efficiency in the préusion state that | hypothesze/ould

rise as the head domain uncafieg. 3.1).

Figure 3.1. Peptide insertion sites in HA monomer crystal
structure. Four dye insertion site pairs have been constructed
in HA. One site has been placed in theH#ead domain (red)

at E78 (green), and four have been placed in th2 $ialk

domain (blue): D37, R127, K143, and D158 (yellow).

Permutations of these labeling sites have thus yielded four
doubletagged construct®DB 2FK0&°

Proposed HA1
uncaging motion

Asp37
Asp158
Lys143
3.3Functional assessment of HA head domain constructs

The functional assessment of tedsur candidate SmFRET constructs wabé
performed using celbased infectivity assay¥iral infectivity assag with pathogenic
virusesrequire the generation ospudovirionsor pseudoparticles, whiamndergo many
steps of viral infectiotbut lack tle genes necessary to form infectiousgeroy.Retroviral
pseudotypesan be created through the transfection of retrovirateno®ding genes (e.g.
HIV-1 gag alongside viral proteins of interest (e.g. HA). The components assamble

trans producing pseadovirions with aretroviralcorethat berany other proteins of interest
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whose genes have beentcansfectedTo this end, | first pseudotyped H5 on a retroviral
core using the plasmid HF&agPol, a gift from the Walter Mothes Lab at Yale. During
this time, | also created a nduarin cleavableHA mutantin which the furin cleavage site
i's del et ¢odise@tbnamicstipus negative control for pseudoviral infectivity
assays

What became clear early on is that even though VN04 H5 bears the polybasic furin
cleavage sequence, thensfection of VN4 H5 still produces some amount of non
functional HAO Fig. 3.2)To address this,dxplored ways in whicthe cotransfection of
cellular proteases human airway tryptase (HAT) and fuoirid reduce the amount of ron
functional HAO on he pseudoviral stace | also explored how exogenous trypsin
treatment of pseudotypes could drive the maturation of HAO forvidnd pseudotyping
was successful, and | found that thetiansfection of either human airway tryptase (HAT)
or furin proteasalongside H5 drow theHAO cleavage reaction to neeompletion(Fig.

3.2

75kDal " e B = |HAo

50kDa

[r—

Figure 3.2. Successful pseudotyping of HA and HAO on pseudoviral surfacgo-

expression of protease with less transfected DNA yields more effective cleavage in trans.
HA is synthesized as an inage precursor (HAO) that is cleaved by proteases in the
transGolgi into disulfidelinked HA1 and HA2. Pseudovirus with fully cleaved, wild

type HA has been created. The use of human airway trypsin (HAT) protease or furin
protease in traadrives HA cleavge to completion
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Towards the goadf establishing H5 pseudotype functionalityirst employed the
BlaM-Vpr assay, a assay published by the Warner Greene lab in 2002 and shown in
Figure 2.1 (seeMaterials and Methods).®InWarrer Gr eene6s assay,
of betalactamase (BlaM) and Vpr, an HIV nuclear import protein that gets packaged
during assembly, is transfectatbngside HIV core and the glycoprotein of interest when
producing pseudopticles®® The resulting pseudovirions thereby carry protein copies of
BlaM within the viral coreWhenexposed to target celisat have been pileaded with a
syntheticintraamolecular FRETsubstratethese pseudovirions deliver BM-Vpr, which
cleaveghe sibstrate at a befactam ring This cleavage evectuses a loss of FRENhd
can be monitored via spectroscopyus, this scheme presents a spectroscepaout for
viral fusion.

| was successfully able to create pseudagad bearing H5, with a p2@IV
(GagPol)ore and BlaMVpr (Fig. 3.3). While this assay is reported to be robust, however,
| found it technically difficult to perform, with multiple incubation steps at multiple
temperatures and the use of a proprietdryvkose components were dao understand.
Although I performed the assay several times, my results usingypi#dH5 were hard to
reproduce, andnly sometimes displayeany signal at allFigure 3.4 shows the results
from one such attempt, wherevaal titration produced an irerted signal by BlaM/pr
assayin which more virus led to less infectious sigmaid another attempt where no signal
was seen on any H5 pseudotyppé@e positive control of VS\VG-bearing pseudotypes,
however, often displayeda high infection signalVSV-G is a highly fusogenic viral

envelope glycoprotein.
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Figure 3.3. Successful pseudovirus production with gagpol, HA, and BlaMpr
constructs. HA-pseudotyped retroviral vectors were produced by 293T cells co
transfected with.ipofectamine and the followinglasmids: 0.8g HA construct (VNO4
H5), &g retroviral backbone (HIV gagpol) abd 8lgM-Vpr fusion construct
(pCMV_BIlaM-Vpr, Warner Greene). At 18hr pesansfection, cells were fed fresh
medium containing 7mU/mL of baaial neuraminidase from Vibricholera to induce
the release of HAvseudovirions from the cell surface. Supernatants were collected 48hr
posttransfection, filtered through 0.4 filters, pelleted at 20,000xg for two hours,
resuspended in LDS sample mrftontaining 109%-ME, and bdied for five minutes at
95°C. Western blot was performed using afifi mouse mAb (Abcam, ab135382), anti
HIV p24 mouse mADb, and arillaM mouse mAb (QED Biosciences, 15720) and
detected by chemiluminescence ECL.

Viral Entry by BlaM-Vpr Assay 30
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% ®RR - 10x
=

10

o .I_L_ L

wWT 78 Alone  78-37 TE-127 T3-143 7158 ViV Gag

Figure 3.4. Attempts of BlaM-Vpr Assay usng HIV -BlaM-Vpr -H5 pseudopatrticles

Left, A dilution series of H5 pseudovirions were assayed for fusogenicity. A dilution
series of VSVYG pseudovirions was included as a positive control. Vertical axis shows
the signal, calglated as a ratio between blard green fluorescen¢ERET signaland
displayed as a foldhange over background contr@@&esponse Ratio, RRand the x

axis reflects conditions and level of concentration above supernatant. Right, results of
infectivity using wildtype H5 and mutantsvith numbers reflecting A1 and A4 insertion
sites with VSV-G pseudotyped positive controls and b@eg)negativecontrols.
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Repeated failures with the BlaMpr assayas well as a general unfamiliarity with
the assay within the labed me toadopt a luciferasebased assawhich our postioc
Natasha Durham had already successfully dseduerying the infectivity of wiletype
and mutanEBOV GP pseudotype (SeeMaterials and Methods). This assay utilizes a
psesidoparticl e backbowhehhasetleetChV prompt GriMiNggtiie 8 . 2
expression of the HIV provirus with env and Vgeleted The packaging signais also
deleted, and a polyA site repladbe 3' LTRto prevent packaging, reverse transcription,
and integration of any transcripts fromisttplasmid.Another plasmid, transfer vector
p HR 6 CGIMi¥, contains &IV sequences required for packaging, reverse transcription,
and integrationwith a firefly luciferase gene inserted after a CMV promoter orea R
response elemerithus, the delivery gbseudoparticles containing these elementssiead
the integration and expression of firefly luciferase, which can be detected by
bioluminescence after incubation with luciferin substt&té® Additionally, this system
had been shown to work with influenza HA pseudotypes bearing H1, H3, and the very
same VNO4 H5 that | was seeking to stdfy

Unfortunately, attempts at quantifying a luciferase sigyithl H5 pseudotypes also
did not yield asignal Figure 35). In each attempt, | ied modulating another variable,
including factors like cell density, cell age, pseudoparticle age, relative amounts of
transfected plasmid, and target cell identit§gV-G-bearing positive control pseudotypes
almost invariably yielded a very high signas did one attempt with Lassa virus (LASV)
GP-beaing pseudovirions made by Uriel BulpWwut | never received an infectious signal

from HA.
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Thus far, | had seen@nsistent lack of functionality of HA pseudovirions across

Viral Entry by Luciferase Assay

multiple assaysdespite the ability to detect H5 on the pseudopatrticle surface via western

blot. At this point, | had spent two yeardab, andl put togethethree separate hypotheses

as to whyl was not seeing any functionality from H5 pseudotypes. Copied from a

committee report from the Spring of 2018:

T

| am performing some sort of fatalrer with infection. Given that all of my posié
controls (VSWG pseudotypes) have worked and that | have performed these assays
dozens of times this seems unlikely.

My H5 pseudotypes somehow prevent formation or expansion of a full fusion pore.
Full pore formation and viral gene delivery and intatjon are required for the
Luciferase andlaM-Vpr assays.

HA pseudotypes do not produce at a high enough titer for infectivity assays. This is
a thought I had during SusanrobDleggi el 6s
department. She showed some dsttawing that without neuraminidase (NA),
hemagglutinin remains sequestered in the ER and does not efficiently traffic to the
cell surface.
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Thesuggestiorof neuraminidase asfactorin HA function inspired by dalk
from Susan Daniel at Cornell, led neewonder if there was something fundamentally
wrong with the H5 pseudovirions themselves, as they did not bear both HA and NA as
native influenza doeslowever, myresource on influenza pseudotyping, a publicatio
from Car ol Wei ss 0 sthdtiaflnenza tould be sucded3fllly s howed
pseudotyped onto HIV coregthout neuraminidasand yield an infectious signal, by the
same luciferase assay that | had attemptealll that was required for the liberation of
HA pseudotypes from the producer cells was the supplementation of soluble
neuraminidasen trans, which | added to the media on the second ddyansfection.
After many more attempts at trying to exactly reprodineeWeiss lalmethods, |
contacted Carol Weiss and asked them for awisp protocol, from pseudoparticle
generation to the reading of lémiin bioluminescence. Russell Vassell, @nowbiologist
in the Weiss lab, generously responded with a full protocol, and even proofread my
protocol to search for any inconsistencies. One seemingly minor fact he noted is that |
was using soluble bacteriaeuraminidase frorWibrio choleraefrom Signa-Aldrich
with a different catalog number than that used by the WeisRladsell contactetthe
original scientist within his lalivho performed these assays wh o t hen respond:
ot her one frwor KSd.gma di dnodt

Accordingly, we ordered thetherneuraminidaseised by the Weiss IglSigma
N6514)and | repeated the luciferase asdaymy amazementhe simple change in
neuraminidase yielded highly infectious H5 pseudoviriavith infectivity levels

comparble to VS\VAG pseudotypefig. 3.6). It became clear that my previous failures
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had been due to a simple reagent issue; for some reasathé¢heeuraminidase was not
active against sialic acid on the HEK293T cell surface to liberate H5 pseudovirions.
This success was shdited, howeverTo my dismaypne of theH5 head domain
SMFRET construstwhich | had tested and already ima@éN04 H5*A1-Glu78
Argl27)was two orders of magnitude less infectious than-tyitiee H5(Fig. 3.6)

HS Infectivity by Luciferase Assay [08/13/2018] Figure 3.6. H5—bearing HIV
- =l pseudovirions are infectious
- ="~ Volumetric titrations oHIV
pseudovirions bearing surface H5
N ™ and an integratable luciferase gene
on a rev response element were
used to infect A549 cells. After 48
o hours, luciferase activitwas
‘ assayed through the addii of
substrate and querying of
H IDH H biolumin_eg.cence. VSA\G bearing
: : pseudovirions were used as
positive controls, and nude

pseudovirions were used as a negative control.

3.4Ilmaging of HA head domain smFRET construct

Simultaneous to my efforts in infectivity assayhaddecided to push ahead with

the smFRET imaging aine d thefour HA head domain smFREJonstructavhich|
had generated.o this end, | produced, labeled, and purijsg¢udovirubearing VNO4
H5MALGlu78Argl127for analysis by smFREBeeMethods). This production involved
the stoichiometric mixing of wiletype and tagged VNO4 HA plasmids such that only one
labeled trimer exists on each pseudovirions. This is required for simgjézule
resolution under widéield TIRF and can only be determinethpirically by attempting

multiple stoichiometries and counting dyes by the number of observed photobleaching

events. For this preliminary test, | used a simple 1:1 ratio of tagged toywédplasnd.
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As hypothesized, this preliminary data sugge#tat prefusion HA
predominantly ocupies a IowFRET state (~0.3)as the intedye distance for this
labeling strategyvas estimated to Harge. The construct alsppeaedto sample
intermediatg~0.6)and highFRET (~0.8)states as wellHig. 3.7). This data provided
preliminaryevidene that HA is indeed dynamic and does not occupy a static
conformationas held by prevailing models of HA functiohithough promising,this
data remained preliminargs the dilution parameters between-fdigged and wildype
HA had tobe optimized befordefinitive conclusionsouldbe drawn.

Figure 3.7. Conformational dynamics of a
** HA head domain reporter. Top, heat map
showing average FRET signal over time, over
all traces collected. Bottom, summed histogram
of FRET ocupancy over all traces collected.
At neutral pH, the HA1 head domain
predominantly occupies a IeRRET state and

samples higher states.pdpulation density
histogram and heat map are shown.

Stream auto all fret
T T T

Despitethe somewhat promising results

from this preliminary s\IFRET datait was

decided that this project should not continue for
two mainreasonsFirst,VN04 H5*A1-Glu78

Arg127 displayed significaly reduced

infectivity as compared to witthype VNO4 H5,

Counts (%)

even when accounting for differences in expression andite@ent to the viral core.

Second, e low-FRET prefusion conformation displayed by VNO4 £{51-
Glu78Argl27 was expected for the pdasion conformation, given the large intdye

distance suggested by the crystal structiingaspossible and in retospect probable,
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howeverthat head domain uncagimguld increase the separation between the dyes and
cause a reduction in FRET efficiendhiswould be fatalas a zerd-RET state cannot
be readily distinguished from other zef®ET states and photobtdang events. To pre
empt this possibility, €xploredan alternativdabeling scheme in which two adjacent
HA1 head domains in a trimerere labeled with a FRET pair. Under this labeling
schemea prefusion caged conformatiomould likely report a very iyh FRET state, and
uncagingwould reduce the FREValueas the head domains sepayatg would likely
not reach zer&RET until completeriggering to posfusion This dye placement
strategy presest unique technical challengewever as it requirsthat two labeled
head domains are expressed within the same trimer on the surface of a pseudovirion, with
no other labeled HAs present tire rest of the pseudoviriofFig. 3.8).
Troubleshooting these issues was not seen toviabke use of the restfany time
in lab. At this time in my training, our pedbc Dev Das had developed an smFRET
construct in VNO4 HA in which the two ends of the HA2 fusion subunit were labeled
with fluorophore. My PIl, my committee, and | decided that | glibtry to replicée some
( ' of Devds data and the
a new set of aims using that

construct.

Proposed HA1
uncaging
motion

<4y Figure 3.8. A proposed alternative
Proposed HA1 ) labeling strategy to report on
mtion” HA1 uncaging HA crystal

structure with proposed labeling
sites (green). Arrows displdyypothetical uncagg motion of the HA1 head domains.
Labeling head domains of adjacent protomers could report on head domain separation
during uncaging. This dye placement strategy would be difficult to achieve on
pseudovirions, but would be more feasibtesoluble trimeconstructsPDB 2FK08°
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3.5 Contributions to this chapter

All data and figures presentetthis chapter wergenerated by me.
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4. Conformational dynamics of the HA stalk domain
4.1 Introduction

The following section details my attempts to use a previevaligated smFRET
construct that reports on the conformational rearrangements of thetBllkZlomain.
This constuct had been developed and used by-gostDibyendu (Dev) Das, and was
thus anticipated to be readily implementable. With this construct, | hoped to study how
different perturbations like sialic acid binding and nAb binding altterprefusion
dynamics dthe HA2 stalk domairfidiscussed in Chapter 1)nfortunately, | was unable
to successfully implement this construct, as detailed hedad | then moved on to the
study of EBOV.

4.2 Design of the HA2 stalk domain smFRET construct

With a new smFRET constructn hand, | set about att emg
smFRET signalKig. 1.19 by producing the smFRET construct and imaging it through a
pH seriesMy eventual goal with this construct was to study how stadictive
antibodies binéind neutralize the HA2 §ion machinery of HAMy hope was taeport
these findings to help inform the design of an HA2 vaccine antigen for the development
of a universal influenza vaccine.

The labeling strategy employed in this constrid04 H5>*TAG17127 s distinct
from tha used in the head domain construtitstead of relying on the insertion of
peptide sequences for the enzymatic labeling of serine side chains, the design of VNO4
H52XTAG-17127 \jtjlizes a different labeling strategy in which amistop codons (TAG) are
placed within the protein sequence at the desired labeling sites. Upon protein expression,

supplementation with an orthogonal aminoacyl tRNA synthetase and teiAined
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within the PyIRS plasmidas well asoluble NCAA in the fornof the lysine derivative
transCyclooct2-enL-Lysine (TCO*A), causes the incorporation of TCO*A into the
peptide sequence at the desired labeling site. TCO*A contains a functional group to
which tetrazineconjugated dyes can be linked via copfsee cick chemistry24%%%1The
benefit to this labeling strategy is that it is thought to be thsruptive to protein

function, as the replacement of a single amino acid is generally more tolerated than the
insertion of an eightor twelveresidue peptide sequence. The drawback to this labeling
strategy is that reatthrough of the amber stop codaven with supplementati of
orthogonal aminoacyl tRNA synthetase, tRNA, and NCAA, is much lower than wild
type. Nonetheless, Dev was able to successfully use this construct in his paper, and
showed that VN04 HB™AG17127 retains functionality by BlaM/pr assay?

VNO4 H52XTAG17-127 contains labeling sites within HA2 at ptisih 17 within the
fusion peptide proximal region and at position 127 within the relatively stable base of
HAZ2 (Fig. 4.1). At pre-fusion, the close proximity of these dyes (-40predicts a high
FRETvalue. In the postusion structure, intedye distancgrows to 105 which, based
on the dyes used, predicts a low FRET value. Thus, this construct reports on the
conformational rearrangements of fusfosm pre to postfusionwithin HA2. In his
2018 mper, Dev successfully used this construct to explowgreoer of features of HA
fusion triggering(discussed in Chapter 1).

The logistical hurdles of deploying the VN04 #B\¢=17127 which Dev
overcame during his time in the lab, involved expressiadtterough of TAG codons
and the purification of virusveay from free dye. By modulating TCO concentration and

plasmid ratios, as well as using standard OptiPrep purification, Dev solved these issues.
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Figure 4.1 smFRET scheme fowisualization of HA stalk dynamics a, viral particles
containing a single trier labeled at positions 17 and 127 in HA2 are immobilized via
biotin-streptavidin interaction on a quartz microscope slide. Constructs were imaged
under TIRF microscopyo, Molecular models of VN04 HBTAG17127 gt pre and post
fusion (PDB 2FKO and 1HTMReprinted with permission from Das DK, Govindan R,
Nikic-Spiegel I, Krammer F, Lemke EA, Munro JB. Direct visualization of the
conformational dynamics of single influenza hemagglutinin trin@ed. 2018:112.
doi:10.1016/j.cell.2018.05.050
4.3 Attempts at imaging VN0O4 H5*TAG-17-127

Foll owing Devbés guidance, | set about p
domain smFRET construct. This involved the generation of HIV pseudoparticles bearing
a mixture of wildtype H5 and VN0O4 H&TAG1"127 click-chemistry &beling, and
purification on an OptiPrep gradient.

Initially, 1 imagedansmFRETsamplewhich | produced, labeled, and purified

myself(Fig. 4.2). | imaged the construct under wifleld TIRF microscopyunderD e v 6 s

guidance Upon imaging, we discoverechagh level of background acceptor
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fluorescence on thmovies we collectedvhich Dev recognized as abnorrbalsed on his
experienceWe triedre-making our imaging buffers, as fluorescence contamination in
imaging buffer can cause napecific signals, anttied buffers prepared by Dev, but the
background fluorescence persisted. When we passed the images through the SPARTAN
analysis software, the output was pmeihantly low FRET(Fig. 4.2). Upon consulting

with James, we determined that this low FRET digvas likely a misinterpretation of
background fluorescence by the SPARTAN software. Subsequkimtigged one of

D e vfibzenvirus samplesvhich he had prepared five months piamid saw a similar
low-FRET predominanc@-ig. 4.2). Persistent backgrouratceptor fluorescence and

overall lowFRET was observed both in fresh sample prepared by me and five month old
frozen sample prepared by D&ev and | concluded that the high background was due

to the presence of free dye in my sa@splThis dye was eithsticking to the slide or had
incorporated into the viral membrane and its presence was misconstrued as a low FRET
state by our software. We beli@e hat t he | ow FRET signal fro

due to degeneration of the samfrlom longterm frozen storageat-80 C.

H5 17-127 prepared by Ramesh H5 17-127 prepared by Dev in 02/2018

Neutral pH [Imaged 07/17/2018] Neutral pH [Imaged 07/17/18]
=573 =T

Time {s)

Figure 4.2 Initial imaging of VN04 H52XTAG-17127 Heat map of FRET occupancy over
time, reflecting all traces collected.

| next imaged alightly newer VN04 HETAG17127 hrep made by Dethree

months prioywith the hopes of &pitulating his highFRET prefusion signalFig. 4.3.
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With thisexactprep, Dev had been able to carry out experiments on the pH dependence
of H5. However, in my hands this construct also yielded a persistent level of background
fluorescence, as well adow-FRET state as computed by the analysis software. |
concluded from this result that the label@d04 H5*TAG17127 construct is not stable at

80 C for a period of 3 months, either due to the virus itself degrading, or diye to

degradation

H5 17-127 Prepared by Dev in March 2018
Neutral pH [Imaged 07/21/2018]

.". 1
ot

[iF:]

FRET

Time {s)

Figure 4.3. Imaging of VNO4 HZXTAG-17127 hrepared by Dev. Heat map of FRET
occupancy over time, reflecting all traces collected.

With this conclusion in hand)ev and | made virus together, with each of us
making a prep o¥N04 H5**TAG17127 \we spent thre days making virus together, and
then | imaged each sample. The only discrepancy between our preps was that we used
different aliquots of TCO*A, the nenanonical amino acid that provides the dye labeling
site. | used a TCO*A aliqugrepared by myself éhprevious week, and Dev used an
olderaliquot prepared by him within the previous month. This seems to have made a
di fference, as Deyv 0 s-FREaAsigpadl tean did ninp.IReggreless, mo r e
both of our samples had sigidnt lowFRET contamiation, more so than was
acceptable for adequate stu@yg. 4.4). This led me to the conclusion that the €y3

Tetrazine and CyJetrazine dyes had degraded. These dyes were purchased in January
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2017 and were stored in DMSO-20 C, which we believed to bstable storagebut our
collaborators Ivana NikiSpiegel and Ed Lemka&vho helped to develop tleeikaryotic
amber stop suppression systéater confirmed that the dyes are only stable for a few

months in the freezéf:** Upon learning this, we ordered new dyes.

H5 17-127 Prepared by Dev H5 17-127 Prepared by Ramesh

Neutral pH [Imaged 07/27/2018]  Neutral pH [Imaged 07/27/2018]
N;m |

1 ~ 1 -

N=2

o 05 1 15 o 05 1 15

Figure 4.4. Imaging of VNO4 ﬁmézh;mé'”'m made s.ideby side Heat map of FRET
occupancy over time, reflecting all traces colleciéd04 HFXTAG17127 samples were
prepared siddy-side by Dev and myselHorizontal axis reflects time in seconds
Ona we received new dye, | mad&l04 H5*¥TAG17127yirys again, and,
foll owi ng Devds adwstep purificalion whoch ipvelves asecoreld a t
spin through a sucrose cushion after the labeling reaction. This second spin was intended
to remove rcess free dye, and extends the labeling protocol by two hours but still keeps
it to a oneday process. In addition, | used a different batch of TCO*Awlaest made
more recently. With this prep, | was finally ablep@rtially recapitulate the pH
dependece of H5, as pH causes a decrease in-RIET occupancy and an increase in
low-FRET occupancyFig. 4.5. However, | continued to see a persistent HriE T
state at low pH, which was not observed by Dev previolisly. Dev s hands, ex

pH 5.6 elicted a complete transition from high to [&WRET. We hypothesizedhat the

persistent highFRET state thatdbserved was some way due to background noise

84



from the dyeln addition, Dev noticethat there was more background fluorescence in

the acceptochannel than he was used to seeing.

H5 17-127, Neutral pH H5 17-127, pH 5.6 H5 17-127, pH 5.2
Imaged 08/06/18] Imaged 08/06/18] Imaged 08/07/18]
M=5T. .

N=1 =532

SNa

FRET

. R .
T
a 1 2 ] a 1 2 3 L] 1 2 3

Figure 4.5. VNO4 H5>XTAG-17127 ragponds to acidification but highFRET persists
Heat map of FRET occupancy over time, reflecting all traces collediieds. was
prepar ed und e Horifbetal dxis reftee time im secoads.

To address this issue, \warsuedwo simultaneous strategidsirst, we decided
to use new dye thatas more hydrophilic, and therefore less likely to associate with the
viral membrane within our smFRET préfhe dyes that wpreviousy usel for click-
chemistry labeling of neranonical amino acidiereCy3-Tetrazine and CyJetrazine
(Fig. 4.6). Dev had success with these dyes during his stuthAobutwe also noticed
some lowFRET contamination in his preps (as shown above) as theeatya to
degrade during20 C storage. Furthermore, these dyes are hydrophobic, which intrease
the possibility of their noigpecific insertion into the viral membrane. Cy5, specifically,
is more hydrophobic than Cy3 and we correspondisglyhigher bakgrourd in the
Cy5 channel than in the Cy3 channel. The solution to this prolksto use hydrophilic
dyes manufactured by Lumidyne (LD550 and LD650). These dyes are based on Cy3 and

Cy5andcontain additional charged side groups to reduce their ovs@bhobicity.

Other members of our lab use LD550/LD650 in their Gxofjugated forms for erirus
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smFRET. | pmevidusexperien@es switching from Cy3/Cy5 to LD550/LD650 for
onvirus smFRET haicaused up to a 90% reduction in background fluoregcenc
Accordingly, we ordered theglyes custom manufacturedtagrazine conjugates for use

in click-chemistry labeling
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Figure 4.6. Tetrazine-conjugated dyesCy3-Tetrazine (left) and CyJetrazine (right)

The second methddpursued was these of newneuraminidase that liberates
virus from the cell surface more efficientlyse of this new neuraminidase promised to
boostthe titers ormy imaging preps anshcrease thgignalto-noise ratioof my samples,
although Dev had used the older, seeminglytimaceuraminidase for preparation of his
virus. The discovery of this neuraminidase was discussed in Chapter 3.12.

Unfortunately, neither of these interventions led to success. | was unable to
reproduce even the modest signal that | had previously &chi¢ive assay repeatedly
yielded a lowFRET signal at neutral pHAt this point, after repeated failed attempts to
recreate the VNO4 H5AG17127fysion signal, this project was abandoned.

4.4 Contributions to this Chapter
All data and figures in thishaper were generated by me, unless otherwise

specified.
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5. Conformational comparisonof EBOV GPgopmuand GP@TM
5.1Introduction

During the time of myefforts in IAV HA, parallel efforts in the lab on EBOV GP
were raising scientific questions tltmanded more attgon (detailed below)
Specifically,we had the beginnings of a story outlining the conformational dynamics of
EBOV GPgomuc on the pseudoviral snurface. At
indicationthatpublished GP crystal structuresi shot conveythe complete
conformatioml pictureo f GPomuc on t he spr-RE dgudieswontheal sur f
soluble ectodomain of GP were warrantedully developthis story.

My new project on EBOV GP came out of work being done by-gostNatasha
Durham, senior studéingela Howard, and PREP scholar Fernando Senjobe. Together,
they had generated convincing smFRET data showing that EBOV GP is dynamic,
conflicting with evidence supported by publishet@dticGP crystal structurgsliscussed
in Chapter 16). Natasha and Agela developed and validated an smFRET construct of
pseudovirioAboundEBOV GRp m uirt which A1 and A4 peptidg®r dye labelingvere
inserted at the Mermini of GP1 and GP@ig. 5.1). This labeling strategy was designed
to report on motions between the IFL and the GP1 head domain, and ttinenagpytto
reflect fusionrelated cordrmational change®ased on a 50 ns molecular dynamics
simulationtrajectorygenerated by James, the inrtite distance predicted by the GP
crystal structure was 3 (Fig. 5.1). With the LD550 and LD650 dyes used for the
| abel i ng ofAiGdrdpedisance should display a HERET stateWhile
FRET state is not entirely dependent on Hulge distace, we felt confident that this 30

A separation would faithfully report higBRET.
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Figure 5.1 Fl uorescent | abel i nAlandA4 peptRlepmuc f or s
sequences were inserted at théeNmini of GP1 and GP2, respectively, to report on
movement oftie EBOV GP IFLLeft, surface rendering dEBOV GP(PDB 5JQ3) with
fluorophores attached. AGnter-dye distance is highlighte®ight, MD simulation of
fluorescentyl abel ed GP®TM -dye distance of 80 oeenadbons nt e r
trajectory.Adaptedwith permission from Durham, N. [t al. RealTime Analysis of
Individual Ebola Virus Glycoproteins Reveals fasion, EntryRelevant
ConformationalDynamics.Virusesl12, 103 (2020)Panel was cropped from Figure 1 of
the paper.

At pre-fusion, this construct displayed three distinct FRET statew- (0.28+
0.07) intermediate(0.50+ 0.08) and highFRET (0.73t 0.08)(Fig. 5.2, panelB). Thus,
twas apparent that GPopmuc is capable of sat
displayed by published crystal structures. While the{HBET state could be attributed
to the crystallized conformation, the identities of the low and internreeBRET states
were unknown.

In continuing her work, Agelageneratedgtrong data showing that tigé/can cap
cleavageo f G P/ddfrselectively enrichethe intermediatéRET stateover the high
and low FRET statesnd that the binding of NPQartherstabilized thatconformation
(Fig. 5.2). This indicatedhat glycan cpa cleavagendthe binding of receptor induce
conformational changes in GP, altering the energy landscape awath&anystallized
conformation.Taken another wayher result suggested that the puiaid crystal

structureof GP following cap cleavage are inaccurdteis suggestion made intuitive

sense, as removal of the GP glycan cap is an activating event for fusion triggering.
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Figure52EBOV GPpomuc responds confor mM&€l onal |y
binding.a,Sur face i mmobilizati on osfonsEdp@NdnGP qomu c
coated quartz slides for TIRF microscopy( Lef t ) Strudéure of GPgmm
(Left/Center) Representative fllescence trace (top) showing fluorescence intensities

over time of donor (green) and acceptor (red) fluorophores. Correspd+iiEif

trajectory (bottom) with idealization from HMM analysis. (Right/Center) Population

FRET hi st ogr &4with overlad33aupsian distributions reflecting HMM

analysis means. (Right) Transition density plot showing relative frequencies ofaabserv
transitions between idealized FRET statesmFRET results shown for glycan eap

cl eaved dEmERET results shown fgtycancapc | eaved GPomuc bou
NPC1. Reprinted with permission from Durham, NebDal. RealTime Analysis of

Individual Bhola Virus Glycoproteins Reveals Freasion, EntryRelevant

Conformational Dynamicd/irusesl2, 103 (2020).

Another fallout ofthis data is the indication that the intermediate FRET state of
G P qpnfi*trepresents a functionally primed, fusogenic confdionaAs this
conformation is not reflected by published structures, its itlireensional
characterization was an unrealizedIgoathe field Methodologically, this could most
easily be achieved through cHaM, as advanced singhaolecule cryeEM methods are
capable ofdentifying conformational supopulations in a protein sampknd does not

rely on the crystallization pross to isolate aaiminant conformatiofi®” Unfortunately,
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this would most feasibly be facilitated by using ectodomainconst t s ofs GP @T M,
cryo-EM on the viral surface is not as welitablishedThe inherent conundrum to this is
that the inaccuracy gfublishedstructural data maje int he us e iathos&GP T M
studies, a&s P o Trivly not faithfully replicate the cleaveddareceptotbound
conformations of EBOV GPThus, the need to characterize the conformational dynamics
of GPppdrM its use in future cryg&M studiesbecameapparent.

Additional work by Natasha queried whether neutralizing antibodies remodel the
conformational landsape of GP to prevent access to the fusiesociated intermediate
FRET conformation. In particular, antibodies with binding epitopes proximal to the
fusion loop of GP were studied. Her work showed that the binding of neutralizing
antibodies to EBOV GP shiéd the equilibrium away from the intermedi@RET

conformation, enriching highand/or lowFRET states instead. This suggested a potential

(@) probability  Probability  Probability  Probability  Probability conformational mechanism of action
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This data convincingly reported that EBOV GP is conformationally dynandt,
responds to glycan cap cleavage, receptor binding, and antibody binding through
conformational changeMly role in this new project was to attemgptrhake those similar
evaluations wit hi nlinthéend, Bdvwprk Mutlimed it thedresnobt | n .
the chapter, along with the work from Natasha, Angela, and Fernando outlined above,
was assembled and pudbied in the January 2020 editionvifuses.>!

52Desi gn of GP®PTM smFRET construct

My first taskin the study oEBOV GPwas to explore differences in
conformational dynamics between thed@P Mctodomain and transmembranéact
GPpmutThe choice to work with -BepAM GPpmppos
arose out of the discrepancy between the structural data déta@édpter 1.6which
paint a picture of a static, conformationadijent G2, and our conflicting dynamics
observatios by smFRET. All published structures of EBOV GP, whether obtained
throughX-ray crystallography or cry&M, were generated using constructs of the GP
soluble ectodomairiT@ble 1.1), whereas the smFRET assays hadn performed with
transmembrane domaintact constructsNehypothesizedhat perhaps the
transmembrane domain and associated membrane promote conformational dynamics that
are not exhibited by GP ectodomain construtiss lack of dynamics would therefore
explain the conformational homogeneigflected in published structumdata.

Our collaborator Kartik Chandran (Albert Einstein College of Mediayageus
aGP T M c¢ qwhsch malkes the ongsed in the original crystallization of the
unligandedpré usi on GP by B @hsicahstr&t likemanydther | a b .

crystallized constructs, has both the mucin domain and transmembrane domain deleted.
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In place of the transmembrane dmimis a foldon trimerization sequenoepromote
trimerization of the GP monomeiad a 6xHis tadpr affinity purification(see
Materials and Methods.

G P gp Tws modifiedfor fluorescent labelingy inserting the A1 and A4
sequencewithin plasmid pHLsecGPp T Nh the same locations #soseusedto create
G P qpnf*t Thenucleotide sequensencoding A1 GDSLDMLEWSLNand A4
(DSLDMLEW were inserted at hN-termini of GP1 and GP2, respectively, to create
G P qp ¥t (Fig. 5.4). The insertion ofhese sequences allows for the-sipecific
labeling of CoAconjugated fluorophores to a serine side chain via the actions of bacterial
phosphopantethienyl transésesAs with G P oo nfY¥f*%; thechoice ofplacinglabeling
sites at the Nermini of GP1 an@&GP2 was made to report on the relative motions of the
IFL and GP1 while preserving the fusogenic function of &Passayed by testing
infectivity of the same insérto n s i n.>! ThiB s;ABET had already been generated

by Natasha.

(a) ) GP1 GP2 (b)

f + jeiziy 2

P . EBOV GPATM LLSLVSLLSVLLMGCVAETGS - IPLGVIHN
&7 _ R " A ke Domaln . . (ElEEene .TMI EBOV GPATM 32-A1 LLSLVSLLSVLLMGCVAETGSGDSLDMLEWSLMIPLGVIHN
"o sz <o 501 sz 676

190

GPATM: b 4- Foldon - XHis jei=g 501
52 632 EBOV GPATM TNTIAGVAGLITGGRRTRR——————EAIVNAQPKCNPNLH

EBOV GPATM 501-A4 TNTIAGVAGLITGGRRTRRDSLDMLEWEAIVNAQPKCNPNLH

Figure 5.4 Labelingo f GP.@TGM T M ¢ obnpModifications to GP1 and

GP2 to insert A1l and A4, with the labeled serine residue highlighted iAdegtedwith
permission from Durham, N. [2tal. ReatTime Analysis of Individual Ebola Virus
Glycoproteins Reveals Rfasion, EntryRelevant Conformational Dynamicgiruses

12, 103 (2020)Panels were cropped from Figure 1.

53Expression and optimization of GP®pTM
At first, expr etemptan m HEKRI3TEIgm M25lasks, a

wi th each f | a skplasmadoeREwtransfgctiokiOeCexpeegsions were
tested, including 100% wittype protein, 100% AlA4agged protein, and three mass
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ratio of the two (2:1, 5:1, and 10:1). Eidays postransfection, 293T supernatant was

harvested, filtered through. 45 e m f i | t er -STA atimtyd SOERAGETf i e d

and western blot analysis of these purified protein constructs revealed that purification in

serumdependent HEK 293T cslresulted in significant background impuriteesboth

higher and lower mecular weight bandsind the decision was made to produce protein

in FreeStyle 293F cell$-{g. 5.5. An additional benefit of FreeStyle 293F cells is that,

because they grow in spension to high densities, thegn producgreater protein

yields.

'ﬂ'\$

‘}u 6@ X & v-"vb‘eb\&:é & eb\\\\
<« /\‘“@QQ’ P S RO @,@ <

> .
SN S TN

GPO, 57.4kDa
GP1, 35.2kDa

GP2, 14.8kDa

Figure 5.5 Pil ot Expressi on of.Le& Rophaskieistain oH E K
SDSPAGE of GRIpaPpwificationsshowing significant background bands.
Right, western blot of saengel using altGP1 2E5 antibody.ane labels reflect sample
identities, and rads of tagged to wildype plasmid used in the transfection.

Accordingly, | performed a pilot fornlay transfection of FreeStyle 293F cells

withwild-t y pe GP T M pste@punficatibrinvolvimgoharvesting and filtering

supernatant followed by aumte initial NENTA-based isolation and subsequent size

exclusion chromatography on a higarformance liquid chromatography instrument

yielded protein of high purit{fig. 5.6). With this result in hand, | moved on to the large

scal e pr oductFHreeStyle@I3F @BIBR.TM i n
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Figure 5.6.Pilotex pr essi on and purification. of GP®TN\
SDSPAGE and Coomassie stain of samples taken-&T purification steps andize
exclusion chromatograph$EQ purification fractions. Protein sargpshows high

purity.
One issue that became apparent from this and other expragssanf GP T M
was the significanGP0Ocontamination othe final purified produgtwhich, in certain
preparations, could be as much as 50% of the total prétkioughGPO is as functional
as mature GP1/GP2, | did not want my sample to have residual GPO in case furin
maturation played a conformationatiglevant roleThus,similady asl had done for
influenza H5 Fig. 3.2, I conductedacb r ansf ect i on tivation GFRugnT M wi t |
plasmid Fig. 5.7). This study revealed th#tte cotransfection of furin plasmid at around

10% of GRpIM plasmid yields satisfactory removal of GPOm the final prep

O < € <<\§\°<<\§‘°<<"<\Q Figure 5.7. Co-expression of furin
OQS\ ROCAARY al ongsi denegdnplbth
X x x x

FreeStyle293F supernatant six days

fggtg: : after transfectionstained with an anti

100kDa| W= GPO, 57.4kDa QP_l antlbodyPercentag_es of fur_ln
70kDa| " ‘ ‘ GP1. 35.9kDa indicate the mass of furin plasmid
55kDa| 99 o included in the transfection as a

percentage of GP®PTM pl a
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With bothexpression anturin maturationestablished, | created a largeale
singlemo|l ecul e FRET pr epar ationcontaioed a ZZIPapddil. Thi
wild-type to tagged protein plasmid, with 10% additional furin plasmid (1 mg
GPp™M 0.5 mH"™ GPapildM 150 ¢, geeMateriaisandp | as mi d

Methods). This expression yieldealsatisfactory removal of GRFig. 5.9).

Figure 5.8.smFRET prep of K
GP®PTM shows mini mal GPO 005
contamination. A microscope QR PR A 2@
preparation of -GPgI[S i Y

tranfection of furin was prepared. ook0a | &

Fractions(F16-F25) from size 70kDa | g o
exclusion chromatography following  sspa N

Ni-NTA purification were run on
SDSPAGE and stained with
Coomassie blue. A previous prep
with significant GPO contamination
was run in lane twelve as a -
comparison

35kDa oP2

L 4

25kDa

54l maging of GP®pTM

To query the conformati@hdynamics of the GP ectodomalrimagedthe
GP®TM s mF RE Tat 5cnM nreldér TIRFcmicroscopy through surface
immobilization using NiINTA chemistryand acquired movies with standard SPARTAN
SmMFRET acquisition and analysis softwdfay(5.9). Analysek of 380particles revealed
t hat @G@&ugpiesvthree FRET stafietow (0.27+ 0.08), intermediate (0.500.08),
and high (0.740.08).These FRET states closely. match t
However the overall distribution of FRET state occupam@s shifted towards a
preference for the high FRET stafes the highFRET statdikely reflects the crystallized
conformation (30A intedye distance)theobserved propensity f G P fgy hityh

FRET may explain the conformational homogeneity of publisblearystal structures.
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Pref usi on GP®TM al -sand inteaneditéBRET cdanforenatibns nmot
associated with the crystallized conformation, suggesting that it can respond
conformationally to glycan cap cleavage and receptor bindlimg.data indcatesthat
while the GP ectodomain displays an altered propensity for a conformation associated
with the highFRET state, it may prove a useful tool for the study of GP function.

One potential use of this tool is in the cifg® characterization of the
intermediateFRET conformationSingleparticlecryegeM anal ysi s of the G
ectodomain can potentially identify the three-papulations (low, intermediate and
high-FRET) and characterize the thha@ienensional conformation of eachhis could
lead tothe structurebased design ofneeffective EBOV vaccinel'he nature of the
intermediateFRET conformation is a mystery, although given dye placement it likely
involves translocation of the internal fusion lodpis is further discussed later.

With the establishment that the GP ectodonis indeed conformationally
dynamic and displays the same FRET statesas memédtrane o ci at ed GP @muc ,
about writing a manuscript summarizing our findings. This paper hwdppeared in
Virusesin January 2020presented the conformational dynamoce GP T M at st ea
state, andventont o s how t hat GPm@muc on the pseudovi
FRET states. Glycan cap cleavage and receptor binding enriched interrk@&tdte
occupancy, whereas neutralizing antibodies appeared to pull the catitorah
landscape away from intermedi#®ET occupancy. Natasha, Angela, and | shared co
first authorship for this papefrhis paper was later summarized in a review by Mark

Benham and Kelly Lee at the University of Washingtt.

96



(@) TIrRF (b)

Excitation W

rtiz Sl 100
— |« Quartz Slide — . e
5555355 R3S 3 ST TS5 S SS5 5SS e PEG
— Streplawdnn '\Blotm PEG 50w GP1
37| -
<«—Biotin-NTA

20| e

15

10

(€) (d)  probability
¢ > ®
S 5 : : - - ‘ & ¥ ¥ -
§ M | fra N b N =2485/ 2
A A A LA W A
@ 17 Lf’f | "lL"x)‘T’erw 11 0.8 I=:l0 —
g K. i Il A E a 3
g o0: 0.6 | e} H
= 15 s ; o B3 g7s =
W‘“WW | & g 6 g
n:osvr ‘J‘*HJTW{ H { 3.75§
°f N=380 | iU,

0 02 04 06 08 1
Time (sec) Initial FRET

Figure 5.9. Steadys t at e dy n a mi.a Surfacd imn@®Bilgelidwf purified
GP®TM on a quartz slbiWeestfeorrn ThlIRoFt no-fc r @PFsgToM
GP1 antibodyc, (Top) Raw donor and acceptor fluorescence traces extracted from
smFRETmovies, (Bottom) Calculated FRET trace overlaid with idealization after HMM.
d, (Left) Population FRET histogram of raw FRET traces summed over acquisition
window. Gaussian distributions overlaid and fit at each FRET state as determined by
HMM. (Right) Transition density plots displaying the relative frequencies of observed
transtions generated from idealizations of individual FRET trajectoRegrinted with
permission from Durham, N. [2t al. ReatTime Analysis of Individual Ebola Virus
Glycoproteins Rveals Prd-usion, EntryRelevant Conformational Dynamicgiruses

12, 103 020).

5.5 Contributions to this chapter
All data and figures in this chapter were generated by me, unless otherwise
specified. Specifically, figures 5.1, 5.2, 5.3, 5.4, and 5.9akeflellaborative efforts

between Angela Howard, Natasha Durham, James Mandbmyself.
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6. Design of an EBOV GP Vaccine Antigen
6.1 Introduction

My initial work with GP®TM was to use s
of a recombinant vaccine for EBOVBy characterizing neutralizatiesensitive
conformations of GP,hoped tadesign avaccine antigen thabuldguide early Band T
cell matuation towards a neutralizing respor€€This workwas plannedto begin with
the characterization of the dynamics and antigenicit & ¢ T avid then move forward
to profile various GP mutants for their ability to present neutraliza#nsitive epitopes
Specific mutants of interest were the circulating mutations A82\%wir.

The general workflow of this project paralleled that put forth bybhéhe NIH
Vaccine Research Center in their development of an RSV vatclime simplest form of
structurebased vaccine design is the development of epitope scaffolds based on the
mapping of binding epitopes of potent monoclonal antibodiles. was executed in RSV
F, with the characterization of the motavizumab epitope anplédtement of that epitope
on a scaffold!® A more advantageous method, however, would be tignesvaccine
antigen that presents a Asupersite, o a col
multiple antibodies. For such a site to be ultrasensitive to neutralization would be all the
betters®

Thus, | hoped to use smFRET to execute an analysis on how the binding of various
neutralizing antibodies influenced GP. Should multiple potent antibodies stabilize the same
conformation, | hoped to isdathat conformation through sitérected mutagenesis and
continue their optimization. Potential schemes of-@itected mutagenesis included the

deliberate introduction of disulfide bonds within GP to lock it into neutralizetemsitive
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conformatiors. Of the proposed strategies, perhaps the most promising is depicted in
Figure 6.1 | had hoped to introduce disulfide bonds between the GP1 clamp domains and
the GP2 wrist to stabilize the IFL within its hydrophobic pocket and elicit antibodies that
lock GP T M i n -RRETestatéassgclatedonformation Because this conformation

is not the one associated with function (i.e. intermediate FRET; glycan cap cleavage and
NPCL1 binding), | hypothesized that any antibodies that hold the trimer in this conéormat

would prevent functionality.

Figure 6.1 Disulfide bonding to lock the GP wrist The introduction of disulfide bonds
between the GP2 wrist and the GP1 clamp domains could potentially lock the trimer in
the highFRET, crystal structurassociategre-fusion conformation.
6.2Anti genici 4 of GP@pTM
One caveat of using SmFRET for the design of a vaccine is that the antigenicity of
the smFRET construct should match that of the-tyijfzte protein. To design an antigen
based i AGB& dpdsMot display the same antigemapprties as wildype GP

would be an exercise in futility, as nobody needs to be vaccinated against virus bearing

AlA4-tagged GPTo this end, | performed an ELISA to assess the binding of four
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popular antibodiea gai nst EBOV GP t MERg8TIH Resulitsl GP pT M
from this ELISA suggestetthat the AlandA4 insertionsinto GP greatly altexd its

reactivity to the basbinding antibodies KzZ52, 2G4, and 4G7, and eltérinding to the

glycan cap by nAb 13C@his finding reducgthe external validit of using SmMFRET to

study nAbmediated GP neutralization and develop a strudtased vaccind-or this

reason, as well as the hilgigisticalbar for vaccine design, this project was abandoned.

i
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Figure 6.2EL I SA of GP@T MA%.n dP IGPtqgeTM wer e coated w
GPpT™¥and bl ocked overnight in 3% BSA. Well
nAb, and nAb presence was detected with-Huotnan IgG FEHRP conjugated antibody.
Signal was developed and absaort@measured at 450 nm.
6.3 Contributions to this chapter
All data and figures in this chapter were generated by me, unless otherwise

specified.
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7. Validation of GP®PTM as a research tool
7.1 Introduction

As outlined inChapter 5, we discovered that GP is indedynamic viral
glycoprotein, and that responds conformationaltp glycan cap cleavage and receptor
binding.Despite this discovery, however, a full characterizatioth@fconformational
landscape of GRasfar from complete While the conformationatientity of the high
FRET state could be inferred from crystal data and MD analysis, the identities of the
intermediateand lowFRET statesemainecentirely unknownGiven that the
GP pnm¥tand GPWHTonstructs wer designed to report on motion of the IFL,
we hypothesized that thew- andintermediateFRET stats represented conformatisn
in which the GP IFL has translocated out of its hydrophobic-pr@iomerpocket.The
intermediate FRETssociatedonformation as it waenriched byglycan cap cleavage
and receptor bindings likely representative of prlision conformational sampling
along the pathway to fusiomhis data indicatethat glycan cap cleavagerts a level of
thermodynamic control over GP, ieasing the stability of the intermediate FRET
associated conformation relative to that associated with theHRET statddiscussedn
more detailater). The identity of the low FRE-Bssociated confmation remained
unknown, as it was only perturbed thye binding of certain nAbs.

Two major motivations | ay behind the co
ectodomainFirst, | wished to evaluate the published glycan-clgaved and NPG1
bound structures for threconformational validityBased on published structures, | would
expect GPpPTM to be conformationally wunresp

binding, and contineito predominantly occupy the higfRET state associated with the
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crystal structureThis finding would indicate that, somehow, the transmembrane domain
and/or viral membrane itself influence GP dynamics. Similar observations have been seen
in the study oHIV-1 env, where the intracellular€rminus has been implicated in
protein dynamic$*A f i ndi ng t hat iG&lgsenditve ® glycancdpor mat
cleavage and receptor binding would indicate, on the other hand, that the homogeneity of
published structures may be due to an artibctrystallization.In either case, the
validity of published structures has been called into question.

The second motivation for the studytbé GP ectodomaiis to evaluate it as a
research toolTechnological limitations makeetailed structural analgsof membrane
bound proteins difficult!? With soluble proteins, however, tsaccessful executionf
cryo-EM, and even singtparticle cryoEM is possiblé®’ Thus, one motivation to
characteriz¢ he conf or mat i o nistdevapatahé GPlecdodanbias@P T M
tool for future study via smFRET ardyo-EM, with hopefor the eventual
characterization of the low and intermediate FRES$ociated conformations.

7.2Gener ati on oHRV3CseFREIPcgntMct

Physiologically, the GP glycan cap i®alled by endosomal membraraund,
acid-activated cathepsinb the laboratorytechnical difficulties in using cathepsins have
beenbypassed by using the protease thermolysin, which cleattes\&AT cathepsin L
cleavage motifvith poor specificity butunlike cathepsingloes not require acid
activation®® Upontreatment ofluorescentlylabeled GBsTMAA* with thermolysin
under standard conditis (37°C for 1 hour),adramaticloss of fluorescence signahs
observedFig. 7.1). This loss of fluorescence preveneftectivesmFRET imaging

whereas oran uncleaved samplseveral hundred tracesuld be collectedgr movie
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throughput after therolysin treatment dropped tess tharb traces per movidlthough
thermolysin is classified as an endopeptidasattributed this tanon-specificdegradtion

of the exposed Al and A4 tags at theddmini of GP1 and GP2, respectivély During
previous st utioetke psetidovizd? membrane, loss of fluorescence due
to thermolysin was less seegperhaps due to a steric shielding effect by the membrane.
The loss of throughput after thermolyginr e at me n t A6 dould®&vproame,
therefore, by the brute agigition of more movies.

Wi t h G Papdnidted severdiration experiments in whichmodulated the
masgratio of GP tohermolysinin the reactionthe temperature of the reaction, and the
reaction timgFig. 7.1). No level of modulation yieldesatsfactory results. In fact, the
results of these experiments suggested that thermolysin had greater activity against the
fluorescentmoietieso f | a b e | thah itsGrRegu€dWcan cap substrate.

My first attemptsd improve the thermolysin cleavageagan began with
reducing temperature and time to reduce nonspecific proteolysis. | ran simultaneous time
courses at room temperature and &C3With GRPI'M in the presence of thermolysin
(Fig. 7.1). As can be seen,rapid loss of fluorescence is obsena#@7C and a more
modest loss is seen at RT. By Coomassie stain, it was hard to tell how well cleavage had
proceeded, so | repeated the time course at RT with more protein. Although the dye front
for this gel was mshapen due to a leak in the running kibwas clear from this
experiment that at RT at this concentration, thermolysin removes fluorescence from
GPgprM before it cleaves the glycan cap. To further attempt to optimize this, | next
titrated the amount of thermolysin reduced in the cleavagéorad literature search

revealed a great degree of heterogeneity in thermolysin cleavage protocols, with mass
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ratios of GP:Thermolysin ranging from 50:1 to 1:4. | decided to try four different
GP:Thermolysin ratios 10:1, 50:1, 100:1, and 1000:1. | réoe reactions at 3T, ran

them out by SD$PAGE and analyzed the gels for fluorescence and via western blot
using an antibody that recognizes both cleaved and uncleaved GP1 (Fig. 7). As can be
seen, | was unable to find an optimal ratio of GP to thermmulgs thermolysin removes
fluorescence from GP well before it cleaves the glycan cappdissiblethat sincehe

Al and A4 peptide tags are placed at theiinini of GP1 and GP2, theyerebeing

degraded by thermolysin

i .
RT 37°c RT
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GP1-CL

GPO
GP1

GP2/
GP1-CL

PERCRETE

WB, anti-GP1-CL

P1-Cl
-

Coomassie Coomassie

Figure 7.0.Tr oubl eshooting of ther nmpThgnolysm tr eat m
cleavage time course at RT and@7Top panel shows Cy3 fluoEnce and bottom

panel is the same gel stained with Coomassie b|ughermolysin cleavage time course

at RT. Top panel showSy3 fluorescence and bottom panel is the same gel stained with
Coomassie bluee, Thermolysin cleavage at R¥ith modulation of hermolysin:GRnass

ratio. Top panel shows Cy3 fluorescence and bottom panel is the same gel transferred and
blotted with aniGP1-Cl antibody.

To effectivelyimage glycancapg | e a v e M, | deéldpdto replace the
thermolysin cleavage sequence with a recognition sequence for a more specific protease.

To this end, treated an smFREJonstructin whichthe VNAT cathepsin Lsite (residues
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203-206)is replaced wh the LEVLFQGPHuman Rhinovirus 3C (HRV3Qjrotease
recognition sitecreatng plasmidsG P @ FHRV3Ca n d G PHRV3KI'* (Fig. 7.2).
HRV3C protease is a highly specific cysteine protéageisoften used in protein work
to cleave affinity tag$'* The substitutionof residies 203206 in GPis analogous taork
in several publishestudies in which th¥ NATsequence was replaced by a polybasic
furin cleavage sequence to generateaapved GP from producer ceffs*6%115To
validate this insertion, the HRV3C recognition sequencealgsnserted into GBhbmu ¢
and VSVVGFR-G P qp mHRV3C pseudoparticles were generated (daterials and
Methods). Pseudopatrticles were treated with HRV3Gtgase for one hour at 37°C, and
then used for infectioAlthoughHRV 3 C c | e av a g edtheésabstitutohof 6 scar | €
the VNATsequenceavith the HRV3C recognition sequencen G P dxdmotaffect
infectivity in the context of VSMGFR-GPp m upseudoparticledg. 7.2).

Next,li ma g e d -BRV&ODuvder widdield prismbased TIRFand
validated that the cleavage site reptaeat didnot alterits pre-cleavagesteadystate
conformatioml landscape by smFREFi§. 7.2). G P o TTHIRV3C occupied a
predominant high-RET state (0.7% 0.07) with 45% occupancy, as well as
intermediate (0.52+ 0.07)and lowFRET (0.27+ 0.07)states wih 32% and 16%
occupancy, respectivele P T M wi t hathaepsimcieavage ste accupied a
predominant high-RET state (0.74 0.08) with 52.6% occupancy, and intermediate
(0.50 £ 0.08) and low(0.27 £ 0.08) at 26.9% and 20.5% occupancy, respectively
ANOVA analysis across groups shows no significant diffezenie low, intermediate
andhighF RET occupancy bet we-BERVIGHesd Wluesarel GP T M

tabulated infable 7.1and graphically displayed frigure 7.2. Together, these
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validation step show thaGP possessing an HRV3C glycan cégavage sités capable
of thewild-type pre- to postfusion transition, and that its pfesionconformational
dynamics closely approximate that of wtighe GP.Thus, for the remainder of this work,

| used @ pT-MRV3C for all SmMFRET experiments.

a 203
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Figure 7.2.GP o T-MRV3C.a, De s i gn o-HRV8B8Gcenstt@Gdpiopihidh the
VNATcathepsin cleavage site is replaced by the HRV3C recognition segbence.

Infectivity of VSV-GFRGP"T, VSV-GFRGP'RV3C and nude V8-GFPpseudgparticles

as assessed by flosytometry. Data is normalized to VSSFR-GP"T infectivity. c,

Popul ation FRET hi st og+HRVAG, withfoverlaiet Gaiddianand GP
distributions oflow-, intermediate and highFRET statesd, Quantified sate

occupancies f GP T M a HRV3G Btghistibhl analysis was conducted by-one

way ANOVA. Significance was calculated througtultiple pairwise comparisons of

group means for betweenr oup variance using Tukeyds hon
criterion.
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GP T M
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valuesof FRET stateoccupancy are shown, with standard esiganerated through

bootstrapping.

73GP T M

S

responsi ve

t

(0]

gl ycan

cap cl eav

GP T M d itheep FR& states indistinguishable from those displayed by

GPgmuc on the pseudoviral surfacéow-, intermediate and highFRETT albeit with

different relative occupanci€big. 5.2, Fig. 7.2). However theability o f

GPtpT M

conformationally respond tglycan cap cleavage and receptor bindinthe same

manner

a $ad @ tpbewdetermined. Thkkered conformational prepsity of

GPgM v er s u s, sugdestadun fact, that it would respond differently to

fusogenic inputs.

Consequentlyl probed whether glycan cap cleavage and NPC1 bingimgoted

intermediatdFRET occupancy n

GPpPTM as

t does

surface Following overnight cleavage with HRV3®@oteasgl ab el e d

ifaln

GP gpmu c

GPpPTM was

imaged undewide-field TIRF microscopyusingsmFRETacquisition and analys{see

Materials and Methods) .

Li ke

decreased @tpancy of théigh-FRET state anthcreased occupanof the

intermediateFRET state

n addition,

cleaved

into and out of the highRET state, and increased transitions between dow

c | eglycarecdpc G P epma M displRyp T

GP®TM di s

intermediateFRET (ig. 7.3). As gycan capcleavageconformationallyprimes GP for

fusion, the shift irconformationpreferencérom high-FRET to intermediateand low

FRET likely reflects this priming event.
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Theintroduction ofamolar excessf NPC1-C furtherdrewcleavedG P T M
away from the high-RET stateand greatlyncreasedhe occupancy of the IoWRET
state(Fig. 7.3). Furthermore, binding to NPC1 reduced overall dynamics, with the
transitions per second changing from 1.00 t/sec to 0.81 #gpc/(3). This effect was
al so s een conithe pseuv@dicplrsurfacEheidentity ofthelow-FRET state,
which is also exhibited by the GPpmuc cons
On the pseudoviral surfadie lowFRET state is unpertoed by glycan cap cleavage
and NPC1 bindingFig. 5.2), but is promoted by the binding of certain neutralizing
antibodies’! The lowFRET state may reflechaNPCZ-stabilized conformation distinct
from that favored by glycan capeaved GPor may represent an artifactual
conformational change exhibited by the ectodomiiie enrichment of this lowrRET
state byNPC1 bindingsupports the hypothesis that NPEhot only a simple attachment
factor but alsdhat itsbinding inducegonformational changes in GP.
T h u s ,TMG@isptaysthree FRET states indistinguishable from those displayed
by GRymuc on the pseudoviral surfaicéow-, intermediate and highFRETT and
responds to fusogenic inputs in a similar fashion to membdraned GPThis result
identifies boh the inermediateand lowFRET states as reflectié# fusion-active
conformationd§ or GPm@d@Md validates GPpTM as an ef f
EBOV GP and as a potential basis for a struebased vaccineWith the
characterization of priusio n G P dyiiakics, as well aan analysis of theffects of
glycan cap cl eavage a,nheamd &desshilesdi ng on GP

ectodomairfor fidelity of dynamics was complete
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Figure7 . 3. Gresponhdd conformationallyto glycan cap cleavage ahNPC1

binding. G P o T-HIRV3C was imaged at 5nM under wifleld TIRF microscopybefore

and after glycan cap cleavage, arcd after c
Above, crystal structures with dye locations denoted by cokteed, and gpulation

FRET histogram®verlaid with Gaussian distributions for lgvintermediate and high

FRET. Below,FRET state occupandyor uncl eaved GP®pTM, cl eave
cleaved GP®TM with NPC1l. Stati slatedaadss si gni
samples foeach FRET state using om&y ANOVA. Asterisks reflect results of

multiple pairwise comparisons of group means for betwgeegno up v ari ance usi
honestly significant difference criterioff.= p < 0.05, ** = p < 0.01, *** =p < 0.001).

Only significantpairwise comparisorarehighlighted PDB 5JQ3.

7.4 Contributions to this chapter
All data and figures in this chapter were generated by me, unless otherwise

specified.
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8. Kinetic and thermodynamic control of EBOV GP

8.1 Introduction

GP triggering reflectsree of many examples in biology of a kineticatiyntrolled

process, with the exothermic collapse of-poepostfusion being ratdimited by a high

activation energy barridFig. 8.1, reprint ofFig. 1.17). Within this system, heever,

thermodynamic conol still exists,dictating prefusion conformational samplingnd its

elucidation can reveal insights into GP functidhis thermodynamic contrdlasalready

beenobserved via sSmFREIT datapresented itChapters 5 and 7has shown selective

enrichment oflifferent conformation®y known fusogenic inputs.

Extended
Intermediate

Pre-fusion

Post-fusion

Reaction Coordinate ———>

event occursPDB 5JQ3 and 1EBO

Figure 8.1 Reaction coordinate of EBOV
GP triggering. Prefusion GP exists in a
metastable conformation, in which energy
IS stored within electrostatic contacts
between amino acid side chains.
Perturbéion of these contacts by fusogenic
inputs decreases the activation energy of the
triggering reaction and favors the adoption
of a highenergy extended intermediate
conformation. When the collapse of this
extended itermediate to the pe$tision
conformaton coincides with the successful
engagement of the IFL with the target
membrane, a productive membrane fusion

Work in this chapter seeks to understand heowdity, perhaps the mostkfining

characteristic of the late enstlume, influences GP function. Bulk infectivity assays, in

which VSV-GP pseudovirions are exposed to low pH buffer before usaludar

infection revealthatthedirect protonation of the GP trimer lowers the aaiiomn energy

of fusion triggeringWe find that thermolysitleaved GP has a lower barrier to
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protonationinduced triggering, agreeing with the published modeliytan capcleaved
GP beingprimed for fusion functios®3*

Singlemolecule FRET assays time soluble ectodomain seek to probepre-
fusion ther mody na nVednd that protonation induces the T M.
occupancy of intermediafeRET and IowFRET, two states previously correlated with
glycan cap cleavage and receptor bindigthermeoe, we find that exposure to low pH
strergthenghe sampling of intermediateand lowFRET byglycan capcleaved GP
indicating that the two inputs act synergistically to prime EBOV GP for fundtioally,
we see that furimediated proteolytic maturation is required to observe this sampling
suggesting, for the first time, a functional consequence of furin cleavage in EBOV GP.

The central hypothesis guiding this work is that direct protonatian is
thermodynamic and kinetic modulator of EBOV GP function, and thatémvise
proteolytic matuation of EBOV GP potentiates its response to protonation.

8.2 Protonation inactivatesglycan capcleaved VSVVGP pseudarticles

Following glycan cap cleavage@nhPC1 binding, an unknown trigger causes the
refolding of EBOV GP from a metastable gusion coriormation to the groundtate
postfusion conformationAny search focandidate fusion triggers for EBOV GP begins
with an assessment of the late endosamnaironment, which is most prominently
marked by its acidity.

To assess pH requirements for fusibperformed a pHnduced inactivation
assay similar to those performed early in the study of influenz&'#HA these assays,
influenza virus was exposed to low pH buffer, whiaggered HA to transition from pre

to postfusion and rendered the virions inactifeAs the 19kDa, glycan cagleaved GP
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has been shown to be the most fusogtarim of GP, | treatedVSV-GFRG P qomu ¢
pseudoparticlewith thermolysinto create VSWGFPR-GPcL pseudoparticleslhese
pseudoparticlewere then exposed & pH titration and assesded infectivity on Vero
cells (seéM aterials and Methods.?***Pseudopartieswere exposed tmw pH for 30
minutes at 37C, room temperatur@r on ice. Following incubation, pH was neutralized
with buffered media and the treateskeudoparticlewereused to infect Vero cell&Vhile
no effect was seen at pHO/the exposureof pseudoparticleto pH 5.0 buffer at37°C
completely abrogated infectiviffig. 8.2). This effect was temperatudependentas
low pH exposure on icenly inactivatedhe pseudoparticldsy 50% The role of
temperature in thiw pH-induced inactivatioindicates thgresence of &inetic trap
i.e. thatthe process induced by low pH exposure involves overcoming an activation
energyand is therefore likely to represent fusion triggerifigggeringoccurs with much
greater efficiency at physiological tperaturewhere GRL posseses enough kinetic
energy to overcome the energy of

leaved VSV-GFP-GP Pseudoparticle Infectivity

Es7c activation.
ERT
[ice

N
(2]

Figure 8.2. Low pH inactivates VS\-
GPcL pseudoparticles Thermolysin
treated VSYGP pseudopatrticlesere
exposed pH D, 6.0, and 50 for 30
minutes at 37C, room temperature, or
on ice. Folbwing exposure, pH was
neutralizedandpseudoparticlesere
used to infect Vero cells. Percent GFP
* positivity as a proxy for infectivity was

PH7 PH 6 pH 5 measured by flow cytometripata was

normalized to theld 7.0, 37°C

condition.Error bars reflect standard errarass biological replicateésterisks reflect
results of multiple pairwise comparisons of group means for betgmem variance
using Tukeyods honestly (*spg0®0b,**i=patOl,*di f fer e
= p < 0.001). Only conditions sidmmantly different from all others are highlighted.
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8.3Low pH inactivates uncleavedvSV-GP pseudopatrticles

Endosomaktathepsins B and L are active at low pH, so logic followsdbate
degree oendosomal acidificatioprecedes cathepsin activation and ghycap cleavage.
Therefore, | wished to assdabe effects ofow pH exposureon GP prior to glycan cap
cleavageVSV-GFRGP qomuc pseudoparticles were genera
titration at 37°C, room temperature, and lc&e pseudoparticles bearing GRVSV-
GFRGPm@muc pseudoparticles experienced a tot
exposure to pH.B buffer at 37°C [Fig. 8.3). Meanwhile, exposure to pH®buffer on
ice led to no loss of infectivity. Thigsult suggests that GP can triggepostfusion
without glycan cap cleavagepntradicting published evidence tlgdycan cap cleavage
is absolutly necessary foEBOV infection?>2%34t is impatant to notehoweverthat
exposueto low pH for thirty minutes at 37°C is a significant kinetic and thermodyzam
perturbation that may overcome any stabilizing effects of GP1 onkaPthermore, the
complete rescue of uncleavpseudoparticleby rediced temperaturevhereas cleaved
particles only experiencednaodestrescuesuggests deeper kinetic trap for aleaved
GP,i.,et hat GP@mmuc f a c eastivation foi fugibnetriggeenthanrdgey o f
GPcL. Thissupportghe establishednodelin whichglycan cap cleavage primes GP for
fusion2%34Thus,while this experimentmay notrecapitulatea physiologicallyaccurate
pH exposuren that it is unlikely that virions spend thirty minutes in such an acidic
environmentthis resultsupports a mdel in whichlow pH exposure independent of the
activation of cathgsins(i.e. direct protonation of the GP trimeQntributes to thefusion

triggering process.
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3Uncleaved VSV-GFP-GP Pseudoparticle Infectivity

25

1.5

Normalized Percent Titer

0.

5]

*

pH7

pH 6

pH5

Figure 8.3. Low pH inactivates VSV-GPg m u pseudopatrticles VSV-GP
pseudoparticlewere exposed pH.J, 6.0, and 50 for 30 minutes at 3TC, room
temperature, or on ice. Following exposure, pH was neutrabretpseudoparticles
wereused to infect Vero cells. Percent GFP positivity as aypfaixinfectivity was
measured by flow cytometripata was normalized to the pED737°C conditionError

bars reflect standard error across biological replicétsterisks reflect results of multiple

pairwise comparisons of group means for betwgemipy ar i ance usi ng
honestly significant difference criterioff.= p < 0.05, ** = p < 0.01, *** = p < 001).
Only conditions significantly different from all others are highlighted.

8.4 Furin maturation is not required for infectivity or pH responsiveness

Literature evidence has shown that while circulating strains of EBOV GP have

retained the polybasRRTRRurin recognitionsequencgthe maturation of GPO to

GP1/GP2 is not required f&BOV infectivity and pathogenicity/°81 confirmed this by

generating/SV-GFPpseudopatrticleb e ar i n g

, IB Whickptimeupolybasi®@RTRR

sequence is replaced by five glycine residdiéss construct was created by Natasha

Durham for earlier experimentfhis mutatiorngreatlyreduceghe degree diurin-

mediated maturatioim the producer celGreating pseudoparticles bearing mostly GPO

instead of GP1/GPig. 8.4, Panel A. In a supernatant titration, thegseudoparticles

suffered no loss of infectivity as compared to pseudoparticles bearingypéd
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G P gomueanfirmingpublished findinggFig. 8.4., Panel B. Furthermorewhen exposed
to low pH buffer,G P 0 o rbbeacing pseudumarticlesrespondedhn a similar fashion to

G P gpmhbearing pseudmarticles(Fig. 8.4, Panel C)Incubation at 37°C in pl3.0 buffer
caused a total &5 of infectivity, whth was rescued in the ice condition. These results
support a model in whictihe furin maturationrof GPO to GP1/GP#does not play a

significant role in GP function.

3VSV-GFF’-GPO Pseudoparticle Infectivity
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Figure 8.4.

Infect|V|ty and p H msmdopantlnlessa,veness

of

Western blobf VSV-GFRGP 0 pmu ¢  aGFRGP/gdnWvuc pseudoparticle

GPO g@muc o nl lynited furth-enediptecensaturatiorn, Infectivity of VSV-GFR

GPpmuc a-GBGERGPBYmMuc pseudop ofrdirectesupanatantwieret r at i

compared for infectivit. Dataiso r mal i ze d t-GFR& P @ meondition.s,V
VSV-GPO pseudgarticles were exposed pHT 6.0, and 50 for 30 minutes at 3T,

room temperature, or on ice. Following exposure, pH was tigettaand virus was used
to infect Vero cells. Percent GFP posty as a proxy for infectivity was measured by
flow cytometry.Error bars reflect standard error across biological replicAstsrisks
reflect results of multiple pairwise comparisons iup means for betweeagroup
vari ance usi nggnficaik differ@rse chteriorg s g <0y05, & Ep <
0.01, *** = p < 0.001). Only significant pairwise comparisons are highlighted.

8.5Reuvisiting furin cleavage
As discussed earlier, the expseon of GBTM in Freestyle293F cells can yield
up to 50% GPanstead of mature GPGP2 heterodimeHEK 293 cells do not express
furin at high levels, suggesting a reason for high GPO levels BT ®@Rrepst!’ The co

transfection of furin plasmid at around 10% of3M® plasmidyielded satisfactory
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removal of GP@luring pilot assays and some sniHRpreparationgdiscussed in
Chapter 5). However, found over time that furin cexpression was not a dependable
method for the removal of GR largescale prepd-urthermore, | founthatthe ®-
transfection of furin reduced overall GPM yield. To deal with this issue, | purchased
recombinant furin (NEB P8077S) and treated purified@¥ with it. After some trials,

| found that overnight incubation of ®PM with furin at 37°Cyieldedsatisfactory GPO
maturation(Fig. 85). Thus, for ensuingmFRETexperiments] performed an overnight

furin cleavage before imaging to ensure complete removal of GPO.

GPATMWT GPATMHRV3C

GP + + + + +
Furin + + + + +
Thermolysin + +

HRV3C
250 kDa

150 kDa

100 kDa
75kDa

- GPO
o e ~ GP1

50 kDa

37kDa

25 kDa
20 kDa

15kDa

10 kDa

Figure 85. In vitro furin maturation and glycan cap cleavage of GRgr'M and
GP@IrM-HRV3C by exogenous enzyme treatmenSDSPAGE with Coomassie blue
staining.Treatment of GP with furin overnight af T forces the maturation of GPO into
GP1:GP2, while thermolysin and HRV3C protease catalyze glycan cap cleavage in
GPgrM andGPgpIrM-HRV3C, respectively. Thermolysin treatment was performed for
1hr at 37C, and HRV3C protease treatment was performed overnight@t 37
simultaneous with furin protease treatment.
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8.6 Low pH promotes sampling of fusionactive conformationsby GP

Thefinding that low pH inactivates GP pseudoparticiesriteda more sensitive
evaluationof theconformationakffects of low pHexposureonthe GP trimer.Here, |
used smFRET to monitor the pigsion conformational sampling of GP to identify
protonation as potential fisogenic input by its ability to promote fusioarrelated
conformations identified ihapter 5 (i.e. low- and intermediaté&RET).To this end, |
i mpl ement e dHRV3CEA @RstpittibIsSmMFRET imaging across a pH
titration (Fig. 8.6). As observed befor&Pat pH 70 adopts low, intermediate and
high-FRET states, with a preference for the RERRET conformation associated withe
crystal structureExposureo pH 60 cause a modestbut not statistically significant
increase irthe occupancy ointermediateFRET. Notably, exposure to pH 6.0 causes a
significant increase in IoWRET occupancy and a significant decrease ih-RIGET
occupancylintermediateFRET occupancyurther increased at pH 5.8t pH 5.0, a
significant increasenilow-FRET was alsmbservedTogether, these observations
suggest that direct protonation of the GP trimer as brought about by exposure thcan aci
environment, pull GP away from its higfRET conformation and towards leand
intermediateFRET conformadbns. These FRET states are indistinguishable from those
promoted by the fusieactivating steps of glycan cap cleavage and receptor binding.

Thisfinding, for the first time, shows that direct protonation of GP influences its
conformation. The correlatioof protonatioapromoted conformational states and
cleavageand receptebound conformational states suggests that protonation plays a
functionaly significant role in GPmediated fusionThus, the idea that EBOV has

evolved to take advantage of late epmlmal acidity is reinforced.
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Figure 8.6. Low pH promoteslow- and intermediate-FRET occupancyin GP.
G P oo T-HRV3C was imaged at 5nM under witleld prismbased TIRF microscopy at
pH 7.0, pH 6.0, pH 5.6, and pH 54).Crystal structure gbre-fusion GP (PDB 5JQ3)
and ppulation FRET histograms showing changes in overall FRET occupaedyp
exposure to low pHb, Quantified FRET state occupanayress the titrated pH range.
Error bars represent standard eobthe means calculated by lstwapping from
individual traces within the sample populatidsterisks reflect results aneway
ANOVA with multiple pairwise comparisons of group meansdietweengroup variance
using Tukeyds honestly (*spghlG5fFFp<a00fi,*™di f f er e
=p < 0.001). Only significant pairwise comparisons are highlighted.

In addition, transition density plotting showed that as GP is exposeddo pH,
the number of transitions towards loand intermediatéRET increaseHig. 8.7).
Transition analysis showed that GP transitions along a pathway oé Lgw
Intermediated A High FRET, with no transitions observed directly betweenkET
and highFRET.Complete transition data is reporteddppendix 101. As pH
decreased, GP displayegignificant increase in transitiofiom highFRET to
intermediateFRET and intermediatERET to lowFRET.This increase in number of
transitions can be interpret@as increased sampling between fusiorrelated
conformational states, most notably seen betwpH 7 and pH @his effect is less

substantial as pH continues to decrease.
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Figure 8.7. Exposure to low pH increases transitions away from highRET and

towards low- and intermediate-FRET states Above, transition density plots (TDPSs)

are shown displaying FRET transitions. The horizontal axis shows initial FRET, and the
vertical axis shows final FRET. Below, quantified transition rates of the FIRfEIT to
intermediateFRET transition (left) and thintermediatd-RET to lowFRET transition.
Asterisks reflect results @heway ANOVA with multiple pairwise comparisons of

group means for betweenr oup vari ance using Tukeyos
criterion. (* = p < 0.05, ** = p < 0.01, *** =p < 0.001). Only significant pairwise
comparisons are highlighted.

Importantly, while exposure to pbl0bufferat 37°Ccaused total loss of
infectivityof GP gmu c p s(legu &3y theamotte subtle effects of low pH
exposurebservable by sSmFRET can be attributed to temperature, as all SMFRET
experiments were carried out at room tempergtt28°C) Thus, this SMFRET data can
be interpreted as sbrvations othe lowkinetic-energy thermodynami@ffects of low
pH on GP confanation.Lowertemperature decreases tikelihood of overcoming the
activation energy of fusion triggering, and these shifts in GP conformation reflect pre
fusion conformatnal sampling of fusio@ctive conformations, not tlasiontriggering

event itsé. While this data remains correlative, the combined observations with

infectivity assaysupporta role for protonation in the fusion triggering of GP.
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8.7 Furin cleavage pemits the pH responsiveness of GP

Furincleavage did not appeartoplayarole@muc f uncti on or pH
responsiveness in infectivity assalfowever, theetention of the polybasic furin
recognition sequence by circulating EBOV strains, as well as thealspad structural
proximity of the GP furin cleavage site to the Isliggests ausionrelevant role for furin
cleavage. To this entlsought to probe whether furin cleavage modulbtespH-
inducedmotion of the IFL by smFRET. cr eat ed a cGrPvthghth®l constru
polybasic furin cleavage sequerRBTRRSs replacedvith a serieof glycine residues
(Fig.88).As with GP®TM, this cedamnsnaf@GRIandGR2s | abe
with Al and A4 peptide tags report on IFL motion relative to GPIhis FRET
construct was expected to display RIGRET, given theinchanged 3@ngstrom inter
dye distance predicted by molecular dynamics simulation.

When exposed to a pH titration underwide el d TI RF mi cwasscopy,
not as responsive thangesn FRET state occupan@s was wiletype GP(Fig. 8.8).
While statstically significant increases in levand intermediatéRET were observed, as
well as significant reduction in higBRET occupancy, highRET remained the
dominant conformational state@t 6.0, pH 5.6, angH 5.0.Notably, while exposure to
pH 6.0 caued a significant increase in low FRET and reduction in high FRET in GP,
GPO did not respond significantly at pH 6Ts finding suggests that furin cleavage
may play a role in GP functian promoting the responsiveness of GP to endosomal
acidification.This finding is in contrast to published infectivity assays in cells and

animals that suggest that furin cleavage is unnecess&t function.
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Figure 8.8. GPO isless responsivéo low pH-induced conformational sampling a,

t h ect, & WRidp hdRRTRBEuris deavage site is replaced by
glycines b, Population FRET histograms showing overall FRET occupancy oveithe
range ¢, QuantifiedFRET state occupancy across the titrated pH range. Error bars
represent standard error of the means calculated by bootstrapping from individual traces
within the sample populatioAsterisks reflect results @neway ANOVA with multiple

Desi

pairwise comparns of group means for betwegrr o u p

gn of

vari

ance uUsi

honesly significant difference criterior(* = p < 0.05, ** = p < 0.01, ** = p < 0.001).
Only significant pairwise comparisons are highlighted.

Transition analysis revealedoalest increases fnequency from highto

intermediateFRET and intermediatdéo low-FRET, suggesting that GPO may exhibit a

slight conformational response to low Hg. 8.9. However, these responses were

modest, and only exhibited at pH 5.0. This reduced responsivangssrts a model in

which furin maturation liberates the IFL frats hydrophobic pocket to participate in

fusion. While a requirement for this liberation is not observable irbesied infectivity

assays, it does appear to permit the IFL to participatee prefusion conformational

sampling of fusiorcorrelated st@s. In total, this result supports a previously
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unrecognized role for furin maturation in the priming of GP for v@dt membrane
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Figure 8.9. Exposure of GPO to low pH causes rdest increases in transitions
towards intermediate- and low-FRET. Above, transition density plots (TDPs) are
shown displaying FRET transitions. The horizontal axis shows initial FRET, and the
vertical axis shows final FRET. Below, quantified transitioesaif the higHFRET to
intermediateFRET transition (left) and thetermediateFRET to lowFRET transition.
Asterisks reflect results @neway ANOVA with multiple pairwise comparisons of
vari
criterion.(* = p < 0.05, ** = p < 0.01, *** =p < 0.001). Only significant pairwise
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8.8Low pH supportsintermediate-FRET occupancy bycleaved GP

EBOQV fusion in the late endosome is catalyzed bkD8 cathepsi-cleaved GP

in a low pH (507 5.5 environment®34In smFRETassays where the-términi of GP1

and GP2 are fluorescerdlgbeledthis cleaved, fusiogprimed intermediatadopts a

conformation associated with intermedi&®RET>! The temporal conetence of low pH

and cathepsin activity let the hypothesithatlow pH and cathepsin cleavaget

synergistically to promotthe occupancy of intermedialdRET. To thisend, labeled
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G P o -HMRV3C was treated with HRV3C protease (Megerials and Methods) and

imaged through a pH titration under witield TIRF microscopy using singi@olecule

FRET acquisition and analysisdeed glycancapcleavage ofs P gp T-HRV3C enriches
theintermediateFRET conformation at neutral pfffig. 8.10. While intermediatd~-RET
remained the dominant FRET state down the pH series, exposure to low pH did not have
a statistically significant effect on the FRET state occupancy of cleavelddsr\er, it

is important to note that exposure to low pH did not promote the adoption ef Righ.
Together, these observations suggest that glycan cap cleavage promotes the adoption of

conformational states that were promoted by protonation before cleavage.
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Figure 8.10. Low pH supports GPCL conformational sampling. (Top) Population
FRET histograms showing overall FRET occupancy over the observation window.
(Middle) FRET state occupancy histograms generated from idealized tEacgdars
represent standagtror between subampled populationgBottom) TDPs displaying the
relative frequencies of observed transitions between FRET states.

Transition rate analysis showed that protonation does indeed act synergistically
with glycan cap cleavage to promote th@option of functionally relevant conformations

(Fig. 8.11). While no statistically significant changes were seen in the bagh
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intermediateFRET transition rate over the pH range tested, exposure to low pH caused a

significant increase in the intermati to low-FRET transition rate.

Figure 8.11. Protonation promotes the intermediateto low-FRET transition in

cleaved GP Above, transition density plots (TDPs) are shown displaying FRET

transitions. The horizontal axis@hs initial FRET, and the vical axis shows final

FRET. Below, quantified transition rates of the RFfRET to intermediaté RET

transition (left) and the intermediafdRET to lowFRET transition. Asterisks reflect

results of onavay ANOVA with multiple pairwise comparisons of groupeans for

betweergr oup variance using Tukey6s honestly s
0.05, * = p <0.01, *** = p < 0.001). Only significant pairwise comparisons are

highlighted.

These findingsuggest that expage to low pH potentiates pfasion
conformational sampling away from the crystallized FFRET conformation and
towards fusiorcorrelated conformational states.

8.9 The study of calcium as a fusogenic input

The same methodology applied above to the stuttywpH exposure on GP can,

in theory, be used to study the effects of any candidate fusogenic input on GP
conformation. To this end, | prelirminarily
HRV3Cunderwidd i el d TI RF i n th2bis(presence of 50 ¢

aminopheoxy)ethaneN , N, Ndiljaadiblpcid(BAPTA), a calciumspecific chelator,
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