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Protein-mediated membrane fusion is a highly regulated biological process essential for cellular
and organismal functions and infection by enveloped viruses. During viral entry, the membrane fusion
reaction is catalyzed by specialized protein machinery on the viral surface. These viral fusion proteins
undergo a series of dramatic structural changes during membrane fusion where they engage, remodel,
and ultimately fuse with the host membrane. The structural and dynamic nature of these
conformational changes and their impact on the membranes have long-eluded characterization.
Furthermore, the native pre-fusion structural and conformational dynamics of these fusion machines
remains unclear as the conventional structural approaches employed by structural biologists are not
well suited for studying these dynamic protein machines on the viral surface. The objective of this
dissertation is to characterize the complete mechanism of Influenza virus hemagglutinin (HA) fusion
activation and membrane fusion, and to profile and characterize the structural and conformational
dynamics of the HIV-1 Env fusion glycoprotein on the viral surface. In chapter 2 | use continuous labeling
HDX-MS to characterize the structural dynamics and conformational homogeneity of the HIV-1 Env

fusion glycoprotein on the surface of two distinct engineered and authentic viral vaccine platforms. By



HDX-MS we observed significant amounts of non-native Env present in one vaccine platform, whereas
all Env present in the other resembled trimeric Env in the closed conformation. In chapter 3, | use pulse
labeling HDX-MS to characterize the mechanism of HA fusion activation and HA mediated membrane
fusion in situ using whole infectious virions. Our data reveal how concurrent reorganizations at the HA1
receptor binding domain interface and HA2 fusion subunit produce a dynamic fusion intermediate
ensemble in full-length HA. In contrast, the soluble HA ectodomain transitions directly to the post-fusion
state with no observable intermediate. These data provide unprecedented insight into the structural
mechanics of HA which has served as the prototypical class 1 viral fusion protein and informed our
understanding about how all class 1 viral fusion proteins function. In chapter 4 | present developments
and improvements on the HDX-MS workflows that will enable more complete characterizations of HA’s
mechanism and the structural and conformational dynamics of other class 1 viral fusion proteins.
Together these works have dramatically furthered our understanding of the structural mechanics of
class 1 fusion proteins and lay the foundation for future studies on influenza virus and other enveloped

viruses and their membrane fusion machinery.
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Chapter 1. Introduction

Portions of the text in this chapter have been modified and reproduced with permissions from:

Benhaim, M.A; Lee, K.K. New Biophysical Approaches Reveal the Dynamics and Mechanics of Type |
Viral Fusion Machinery and Their Interplay with Membranes. Viruses 2020, 12, 413.

1.1 Overview

The process of protein-mediated membrane fusion is essential for a range of cellular and organismal
functions. It is involved in synaptic signaling, cellular communication, intra- and extra-cellular vesicle
trafficking, mitochondrial homeostasis, sexual reproduction, embryogenesis, and infection by enveloped
viruses [1-6]. Enveloped viruses, like all viruses, are non-living biological infectious agents comprised of a
nucleic acid genome encapsulated in a protective shell. Unique to enveloped viruses, however, is the
host derived lipid membrane surrounding the viral core. Enveloped viruses acquire this lipid envelope
from their hosts during assembly as new viral progeny are released from infected cells. Infection by all
enveloped viruses requires fusion of the viral and host membranes in order to deliver the viral genome
and replication machinery across the host cell membrane to a suitable subcellular location and initiate
an infection cycle. Enveloped viruses have evolved specialized protein machinery that drive this process
to completion by undergoing a series of large-scale conformational changes in response to one or more
activation triggers [7]. The nature of these changes and the resulting impact on the membranes
themselves have long-eluded characterization, but new structural and biophysical techniques are
providing a detailed glimpse into the structural changes carried out by the protein machinery as well as
revealing the interplay of proteins and membranes during fusion. Collectively, the advances offer
unprecedented new structural and mechanistic insights into this fundamental biological process and the

viral protein machinery involved.



1.2 Anatomy of an Enveloped Virus: Influenza A virus

The influenza A virus belongs to the Orthomyxoviridae family of pleomorphic enveloped viruses and
features a negative-sense, single stranded, segmented RNA genome [8]. Influenza A virus’ eight genome
segments are packaged in the viral core in complex with viral polymerases and nucleoproteins (Figure
1.1). The ribonucleic complex is contained within a capsid composed of the M1 matrix protein which
lines the inside of the viral membrane. The M2 matrix proton channel lies within the viral membrane
and is responsible for acidifying the viral lumen which is critical for delivering the viral replication
complex to the target cell cytosol during infection. Two virally encoded glycoproteins decorate the
surface of the influenza A virus; hemagglutinin (HA), which mediates attachment and entry into host
cells, and neuraminidase (NA), which facilitates release of progeny virions from infected cells. HA is the

dominant surface antigen and is the primary antigenic target for neutralizing antibodies.

1.3 Structure, Function, and Classifications of Viral Fusion Proteins

Protein mediated membrane fusion is a highly regulated biological process essential for cellular and
organismal functions and infection by enveloped viruses. During viral entry the membrane fusion
reaction is catalyzed by specialized protein machinery on the viral surface. All viral fusion proteins
encode the same basic functionality; activate in response to a specific trigger(s), engage the target host
membrane, draw the host membrane into close apposition with the viral membrane, and induce the
membranes to merge. Viral membrane fusion proteins are classified into three distinct structural
classes, with the class | fusion proteins being the best characterized to date [1, 4, 7, 9]. Among the class |
fusion proteins, the Influenza virus hemagglutinin (HA) is the most widely studied and has served as the
foundation upon which much of our understanding of viral membrane fusion proteins has been built.
Class Il fusion proteins are found in a range of viruses including flaviviruses and alphaviruses including

Dengue, Zika, Chikungunya viruses, and even have been identified in eukaryotic cell-cell fusion systems



[10-13]. Class Il fusion proteins are found in rhabdoviruses (such as Rabies and Vesicular Stomatatis
virus G glycoproteins), herpesviruses (Herpes Simplex virus 1 gB protein), and most recently baculovirus
[13-17]. While the individual folds exhibited by these classes are completely different, they share
common functional traits in that all adopt a pre-fusion conformation prior to activation in which one
terminus of the protein is anchored in the virus membrane by a transmembrane domain and a second
membrane active component, either a fusion peptide or loop, is sequestered from interacting with
membranes (Figure 1.2) [13]. A trigger, such as exposure to low pH in endosomes or receptor binding,
induces the machinery to reorganize into a post-fusion state in which the two membrane active
components are colocalized.

A defining characteristic of class | and Il viral fusion proteins is that the pre-fusion conformation is
metastable, or high-energy, with respect to the low-energy post-fusion conformation [4, 7, 18]. This
ultimately results in an irreversible transition to the post-fusion state. Indeed many early pioneering
studies on influenza HA led to the development of the “spring-loaded” mechanistic model for viral
membrane fusion that is the prevailing way in which these machines are considered to function
(discussed in detail below) [18-29]. In this model, class | fusion proteins function analogously to taut
springs that are poised in a high energy state that, once triggered, rapidly and irreversibly “spring” or
refold to the low energy, post-fusion state.

While membrane fusion is a thermodynamically favorable process, it requires an input of free
energy to dehydrate the phospholipid headgroups as they are drawn into close apposition during fusion
[2, 18, 30, 31]. This repulsive “hydration force” presents a kinetic barrier to fusion that prevents
spontaneous, aberrant fusion events from occurring. This renders the membrane fusion reaction a
tightly controlled biological process [13, 32-34]. The fusion peptides (class I) or fusion loops (class Il) are
believed to facilitate this reorganization of bound water while the free energy released from the

exothermic refolding of the fusion proteins from the metastable pre-fusion to the low-energy post-



fusion state is harnessed to remodel, induce curvature and local defects in the lipid bilayer, and drive
the membranes together [13, 18, 34-39]. The class lll rhabdovirus G proteins are an exception to this
general trend and exhibit reversible pH-dependent conformational switching [14, 16].

Until recently, static structures of the pre- and post-fusion states of isolated fusion protein
ectodomains and low-resolution biophysical or spectroscopic measurements were the primary pieces of
information that informed our models of membrane fusion. While the static structures provide defined
endpoints for the conformational change that drives membrane fusion, they cannot tell us how these
conformational changes occur and how these proteins interact with and perturb the lipid membrane
during fusion. Furthermore, these static structural models do not capture or convey the innate dynamic
motions and conformations sampled by these fusion proteins at rest in the pre-fusion state. This
disparity is exemplified by recent solution state biophysical and structural studies of the influenza HA
and HIV-1 Env fusion glycoproteins and will be discussed in detail in subsequent sections [19, 40-47]. A
central focus of this thesis is to dissect the structural mechanism by which a class | fusion protein,
influenza HA, becomes activated and reorganizes to catalyze the membrane fusion reaction.
Furthermore, we have sought to characterize the structural and conformational dynamics of various
class | viral fusion proteins under near native conditions on the surface of authentic and engineered viral

systems.

1.4 Structural Organization of Class | Fusion Proteins

Class | viral fusion proteins are homotrimeric glycoproteins that decorate the viral envelope. These
proteins are synthesized as inactive single chain polypeptide precursors that assemble into trimers and
are proteolytically processed by host cell proteases into their functional, metastable pre-fusion states [4,
7, 48-50]. Proteolytic processing can take place during viral assembly, maturation, and/or entry

depending on the specific virus. In the case of influenza, the uncleaved and fusion incompetent HA



glycoprotein trimer, HAO, is primarily processed by extracellular trypsin-like proteases after new virions
are released from infected cells [20, 23, 29, 48, 49]. HA’s from highly pathogenic avian Influenza viruses
often contain a polybasic motif at their cleavage site and are processed by endogenous proteases, such
as furin, in the trans-Golgi network [8, 51, 52]. The resulting functional HA assembly is a homotrimer of
disulfide-linked heterodimers consisting of a receptor binding subunit, HA1, and a membrane fusion
subunit, HA2 (Figure 1.2 A). The newly formed N-terminus of HA2 includes the highly conserved
hydrophobic fusion peptide which becomes sequestered in a pocket within the central helical bundle of
HA2 in the pre-fusion conformation (Figure 1.2 A) [21, 23, 27, 29, 53]. The C-terminus of HA2 is
anchored in the viral membrane by a helical transmembrane domain [54]. The HA1 globular head
contains a sialic acid receptor binding site positioned at the apex of the trimer in the pre-fusion
conformation.

Class | fusion proteins are linked by a common architectural feature of their post-fusion states; a six
helix bundle featuring a trimer of hairpins that positions the C-terminal viral membrane anchor and N-
terminal fusion peptide together (Figure 1.2 A and B) [1, 4, 7]. The structures for the pre- and post-
fusion states of the influenza virus HA ectodomain were the first of any viral fusion protein to be solved
by X-ray crystallography [1, 4, 6, 55]. In the years since, pre- and post-fusion structures of many class |
viral fusion proteins from diverse viruses have been solved. These structures have revealed
architecturally conserved features amongst class | fusion proteins [1, 4, 55]. To date, pre- and post-
fusion structures have been determined for the Influenza HA, human immunodeficiency virus (HIV-1)
Env, coronavirus (CoV) S, Ebola virus GP, Lassa virus GPC, Parainfluenza virus (PIV5) F protein, and
Respiratory Syncytial virus (RSV) F proteins (Figure 1.2 A and B) [56-65]. While the pre-fusion structures
of these diverse fusion proteins differ in size and elaborations, they share a conserved organization and
architecture of their fusion subunits which feature two central heptad repeats that reorganize to form

the three hairpins at the core of the six-helix bundle in the post-fusion state bringing the viral and host



target membranes together (Figure 1.2 A and B) [7, 13]. Furthermore, in the pre-fusion state the fusion
subunits for these viral fusion proteins exhibit extensive interactions with the head domains that, as for
influenza HA, could be interpreted to help “clamp” the fusion subunit in its pre-triggered conformation

(Figure 1.2 A and B).

1.5 Dissecting HA’s Structure and Function as a “Spring-Loaded” Fusion Protein

Infection by influenza virus begins when HA binds sialic acid on cell surface receptors through a low
affinity high avidity interaction triggering uptake into cells by receptor mediated endocytosis or
macropinocytosis [29]. As the endosomal lumen becomes increasingly acidic, low pH triggers a cascade
of conformational changes throughout HA that culminate in the irreversible reorganization to the post-
fusion conformation and fusion of the viral and host endosomal membranes together (Figure 1.2 A) [22].

The conventional mechanistic model describing HA’s membrane fusion activity suggests that two
dominant stabilizing interactions within HA, termed the “clamp” and “hook”, act to maintain the
metastable pre-fusion conformation [18]. In this model put forth by Carr and Kim, the HA1 globular head
acts as a stabilizing “clamp” on the high-energy and spring-loaded HA2 fusion domain. The HA1 globular
head rests atop the HA2 apex where HA1 forms stabilizing contacts with the HA2 B-loop (Figure 1.2 A).
N- and C-terminal segments of HA1 form extended quaternary contacts with the HA2 A-helix and B-loop
and are likely important for maintaining the pre-fusion conformation (Figure 1.2 A) [18, 28, 40]. The
sequestered N-terminal HA2 fusion peptide forms a “hook” lashing the central helices of adjacent HA2
protomers together. According to this model, once activated by low pH, these interactions become
destabilized and release the high-energy spring-loaded HA2 fusion domain which rapidly and irreversibly
reorganizes to the post-fusion state.

Comparison of the pre- and post-fusion crystal structures of the HA ectodomain reveals the

dramatic conformational changes that occur as a result of this reorganization (Figure 1.2 A). In the post-



fusion state, the central B-loop segment of HA2 has converted from an extended coil to a helix that
extends the central helical bundle [28, 40]. As a result, the fusion peptide is projected towards the target
host membrane. Structures of post-fusion HA2 revealed that C-terminal portions of the subunit also
refold. In this case, a helix converts to a turn, which enables the C-terminal “leash” attached to the viral
membrane anchor to run along the groove formed by the helical bundle. This “leash in the groove”
interaction was shown to be necessary for drawing the two membrane active components together,
leading the viral and target into close contact and inducing them to merge [66]. These structures
provided the beginning and endpoints of the pathway the fusion machinery takes, but neither in fact
reflects the nature of the fusogenic, activated forms of the HA trimer that are involved in manipulating
the membranes during fusion. Likewise, fluorescence spectroscopy and circular dichroism studies have
shown that HA fusion-activation leads to population of discernable intermediates rather than
transitioning directly and irreversibly from pre- to post-fusion states [67-70]. Furthermore, these studies
show that not all HAs respond to activation in the same way and some require different pH conditions to
fully activate [70]. While these studies provided valuable information on how influenza HA responds to
activation conditions, nearly all the studies to date have lacked sufficient resolution to characterize the
structure of any intermediate or to resolve the specific conformational changes that occur. Thus the
“spring-loaded” mechanistic model, and the characterization of HA implied therein, became rooted in

the field’s conceptualization of how class 1 fusion proteins behave and function.

1.6 Evolving Perspectives and Alternative Models of HA Fusion Activation

Many class | viral fusion proteins mediate both viral attachment and entry through their receptor
binding and membrane fusion activities. In some cases, such as with HIV-1 Env, these functions are
intimately linked as receptor and coreceptor binding events act as triggers for membrane fusion. In

other cases, such as influenza HA, evidence suggests that receptor binding transduces a signal to the



fusion domain priming it for fusion activation; however, triggering of the membrane fusion activity
requires exposure to low pH as in the endosome [19, 71].

The process of fusion protein activation and the means by which the fusion trigger is communicated
across domains are not well understood for the majority of class | viral fusion proteins. Indeed, for the
best-characterized system, HA, structural and biophysical data that reveals details of fusion activation
and membrane fusion have only recently become available.

To date, technical limitations have hindered researchers’ abilities to directly observe fusion
intermediates with adequate resolution. One of the earliest and most informative studies performed by
White and Wilson, used a panel of antibodies against HA to determine the sequence of early structural
rearrangements that occur during HA fusion activation [24]. This approach, however, was limited to
resolving changes significant enough to expose the antibody epitope and was unable to definitively
resolve the complete sequence of events or identify any fusion intermediates. Using antibodies as
probes also has the potential to perturb the behavior of the system due to their strong interactions with
the antigen and their large size. Despite these limitations, White and Wilson concluded that there were
likely two sequential conformational changes that occur throughout HA during fusion activation;
reorganization of the HA2 stem region followed by a dissociation of the HA1 globular head domains
leading to opening of the HA apex. Furthermore, White and Wilson demonstrated that activation of the
soluble Bromelain released HA ectodomain (BHA) was slightly faster than detergent solubilized C-HA
suggesting that full-length membrane associated HA behaves differently than BHA during activation.
This study was the first to suggest there was a sequence of conformational changes during fusion
activation and that there likely exist intermediate states along the fusion pathway.

The antibody monitored changes in HA structure seemed to contradict an “HA1 uncaging” model for
hemagglutinin activation that suggests this fusion protein’s activation is initiated by the dissociation of

HA1 globular head domains, which would necessarily precede HA2 triggering. This uncaging model is



supported by data showing that dissociation of the HA1 globular head is essential for HA’s membrane
fusion activity [24-26, 72]. Forced dissociation of the HA1 globular head by heat, or denaturant, results
in HA2 reorganizing to the post-fusion state and expression of HA without HA1 yields post-fusion HA2
stumps [24-26, 72]. Furthermore, preventing HA1’s dissociation either through the introduction of
interprotomer disulfide bonds or antibody binding renders HA non-fusogenic, but these restraints still
enable the HA2 fusion peptide to release and interact with target membranes [25, 26, 72-74].
Ultimately, none of these studies directly probe the sequence of conformational changes that occur
during HA fusion activation but rather proved that HA1 dissociation is required for HA to be fully fusion
active.

Recent direct observations of HA fusion intermediates and the membrane fusion process, enabled
by advances in cryo-EM, sm-FRET, and structural mass spectrometry have begun to challenge these
long-standing conceptions about HA’s, and possibly all class | viral fusion proteins’, mechanisms of fusion
activation and membrane fusion. In 2012 using cryo-electron tomography, Fontana et al. observed low
pH-induced morphological changes in full length HA on the virus surface that suggested reorganization
of the HA2 fusion domain preceded dissociation of the HA1 globular head and that these changes were
reversible, within a certain window in time, upon return to neutral pH [75]. In tomographic data
collection, a series of projection images of a sample are taken over a range of angles and recombined
computationally to produce the 3D image volume. From these reconstructed tomogrames, localized 3D
volumes for similar objects can be extracted and averaged together, as is done in traditional single
particle cryo-EM, yielding higher resolution information than can be gathered from individual
tomograms [76]. The sub-tomogram averaged structures of fusion active HA generated by Fontana et al.
lacked sufficient structural resolution to elucidate detailed structural changes that had occurred.
However, the morphological changes observed were consistent with those suggested to occur during

the so called “fusion peptide release” mechanism of HA fusion activation, similar to those put forth by



White and Wilson nearly 30 years earlier [24, 73, 75]. In contrast to the long held and conventional “HA1
uncaging” model, an alternative fusion peptide release model posits that first the HA2 fusion domain
becomes activated by low pH, releasing the fusion peptide from sequestration where it is free to engage
the target membrane prior to complete dissociation of the HA1 globular head [73].

More recently, Garcia et al. sought to understand the dynamic structural changes that occur
throughout the soluble HA ectodomain at low pH at the threshold of fusion activation using
hydrogen/deuterium-exchange mass spectrometry (HDX-MS) [77]. HDX-MS is a solution state
biophysical and structural technique that monitors the accessibility of amide hydrogens along the
protein backbone. HDX-MS directly monitors dynamic structural changes and motion throughout a
protein that are otherwise invisible to other structural approaches [78-81]. At low pH conditions
approaching fusion activation, dynamic changes across HA were observed where the HA1-HA1 trimeric
interface became bolstered and the HA2 fusion peptide proximal subdomain became more dynamic.
The authors concluded that at increasingly acidic condition, prior to activation, HA becomes primed for
fusion peptide release, adding further support to this emerging mechanistic model. These recent studies
suggest that in the early stages of fusion activation HA adopts a dynamic fusion peptide released
intermediate state [19, 24, 30, 75, 77, 82-85].

Yet, the high-resolution structure of any fusion intermediate eluded characterization; in part due to
the structural heterogeneity and purported transient nature of these intermediate states. Despite these
monumental challenges, Benton et al. used single-particle cryo-EM to determine the first high-
resolution structures of HA fusion intermediates. Their study is the first to present atomic resolution
structural information for any fusion protein intermediate. By rapidly freezing acid activated HA in
vitreous ice Benton et al. were able to capture the early stages of HA’s conformational changes in
stunning detail [40]. Their data reveals a sequence of concerted structural changes occurring throughout

the HA ectodomain whereby dilation of HA1 protomeric interface is linked to reorganization of the HA2



fusion peptide proximal subdomain [40]. The authors concluded that a structured loop in the N-terminal
F’-domain of HA1 forms critical contacts with the HA2 fusion peptide proximal subdomain and A-helix in
the pre-fusion conformation that are broken as the HA1 trimeric interface dilates upon acid activation.
Prior to complete reorganization of HA2, the fusion peptide is released from its pocket within the central
helices and becomes disordered, evident from a loss of electron density and decreased local resolution
around the fusion peptide proximal subdomain. Benton et al. suggest that once HA2 becomes fully
activated, it rapidly reorganizes into the extended pre-hairpin helical intermediate driven by the loop-to-
helix conformational change. Their structures provide the first high-resolution characterization of the
pre-hairpin intermediate for any fusion protein and inform on the subsequent fold back conformational
change to the post-fusion trimer of hairpins. In contrast to other recent biophysical and structural
studies, Benton et al. did not observe any intermediates between the fusion peptide released pre-fusion
like “dilated form 2” and pre-hairpin intermediate states [19, 40, 86]. While these structures show, in
unparalleled detail, never before seen interactions and structural changes that are critical for
understanding the mechanism of HA fusion activation and membrane fusion; the soluble HA
ectodomain is known to behave markedly different that full length HA on the viral surface during fusion
activation and does not adopt fusion intermediates seen in full length HA (discussed in detail in
subsequent sections)[24, 86]. Furthermore, structurally heterogenous samples like this are refractory to
analysis by single-particle cryo-EM, as heterogenous particles or classes lacking defined secondary
structure are excluded from analysis and the resulting structures represent a subset of the total
population. Nevertheless, this work further cements the importance of the “clamp” and “hook”
interactions in regulating HA’s structure and function during fusion activation and adds further support

to an evolving hybrid mechanistic model for HA fusion activation and HA mediated membrane fusion.

1.7 Direct Monitoring of the Transitions Between Conformational States



While atomic resolution static structure models provide the highest level of detail for a proteins
structure, they are less suited for characterizing protein dynamics and motion. Researchers have
recently turned towards approaches such as single molecule-FRET (sm-FRET), that enable the study of
proteins motions. Using sm-FRET, Das et al. directly observed, for the first time, an obligate and highly
dynamic fusion intermediate for influenza HA [19]. By producing virus like particles (VLPs) where, on
each VLP, a single HA trimer bore one pair of FRET labels, the authors were able to monitor, in real time,
the dynamic structural changes that occurred in HA2 during low pH induced fusion activation and
membrane fusion. Their data showed that, even at neutral pH, HA was remarkably dynamic and
reversibly transitions between at least two distinct states. These pre-fusion conformational dynamics
suggest that the fusion peptide is much more mobile than previously indicated, however this mobility
was potentially influenced by the proximity of the FRET label to the fusion peptide [77]. During fusion
activation, in the absence of a target membrane, HA was observed to reversibly transition through a
long-lived, obligate fusion intermediate before irreversibly transitioning to the post-fusion
conformation. When a target membrane was present, HA transitioned to the same intermediate state;
however, the subsequent transition to the irreversible post-fusion state was significantly faster. While
this approach cannot definitively resolve the detailed structure of each state, sm-FRET monitoring yields
information describing the dynamic behavior and lifetimes of each state reported by the relative
positioning of the FRET dye pairs. Furthermore, by inferring the position of each FRET label based upon
its attachment residue, authors were able to develop structural models that correspond to each FRET
state. The resulting mechanistic model put forth by the authors describing HA fusion activation and
membrane fusion provided a detailed glimpse into the intermediate states and transitions for this long-
studied fusion protein. Despite the advances, much about the molecular mechanisms and structural

nature of HA fusion activation remains poorly understood.



1.8 Visualizing Viral Membrane Fusion in Action

Thus far | have reviewed the structure of class | viral fusion proteins and their mechanisms of fusion
activation and the conformational changes that occur during the membrane fusion reaction. However,
these topics have largely been discussed outside the context of the actual membrane fusion reaction.
While the mechanics of viral fusion proteins, namely influenza HA, have been intensively studied, the
biophysical and structural mechanics of the membranes themselves have eluded characterization. The
role of the viral fusion protein in the membrane fusion reaction can be distilled, quite simply, down to;
engaging the host target membrane, generating the required free energy through structural
reorganization to be able to bring the two membranes into close apposition, perturb the membranes,
and induce them to merge. The conventional model for influenza virus HA-mediated membrane fusion
suggests that HA deforms the membranes while bringing them into close contact resulting in formation
of the hemifusion state, where the outer leaflets of each membrane have joined, and the inner leaflets
remain separate [7, 34, 87-96]. How HA mediates formation of the hemifusion state and how
hemifusion proceeds to a fusion pore is not well understood, however. Furthermore, until recently it
was not known which membrane, that of the virus or cell or both, was being primarily perturbed and
remodeled during fusion [87, 97-99]. Direct structural characterization of the membrane fusion reaction
and elucidation of the sequence of membrane remodeling by the fusion proteins has only recently
become possible [87, 88, 100-103]. Cryo-EM has proven invaluable for developing our understanding of
viral morphology, entry mechanisms, and fusion protein structure [55, 75, 87, 88, 101-107]. Cryo-ET is
uniquely suited for the direct imaging of protein and membrane structural changes during protein-
mediated membrane fusion [75, 76, 87-90, 95, 100, 101, 104, 108].

The power and utility of this approach was demonstrated by in 2010 where the ultrastructure of
influenza virus membrane fusion intermediates was imaged using whole virions and synthetic

membrane vesicles [87]. The cryo-ET images suggested that fusion initiates when fusion-active HA, after



grappling to the target membrane and upon refolding to a post-fusion hairpin configuration, creates
highly curved, localized dimples in the target membrane as it is drawn towards the more rigid, matrix
protein-reinforced, viral membrane. Density surrounding the dimples corresponded to a set of 2-8 HAs
that coordinated the junction between membranes. This figure was in good agreement with previous
findings that estimated the stoichiometry of viral fusion proteins required for membrane fusion [39,
109-114]. The cryo-tomograms conclusively showed that during membrane fusion the viral membrane
remains largely unperturbed, under the mildly acidic pH conditions examined, due to the influenza M1
presence of an intact matrix protein layer [87]. Thus, the majority of membrane remodeling at that early
stage is focused on the target membrane. Only when acidic pH was further lowered, did the M1 layer
dissociates from the viral membrane as would need to occur to free the lipid bilayer to complete fusion
during the late stages of fusion. This study was among the first to directly image the membrane
ultrastructure during fusion.

The advent of the direct electron detector for use in cryo-electron microscopy, which afforded
greater sensitivity and the ability to correct for sample blurring due to beam-induced sample movement
and mechanical drift, enabled high resolution information to be retained when imaging biological
complexes while limiting sample degradation from high electron exposures. For studies of membrane
fusion, it became possible for example to consistently resolve the individual membrane leaflets of a lipid
bilayer [90]. Using cryo-ET, Gui et al. sought to sequence the influenza virus membrane fusion reaction
and characterize the membrane ultrastructure at each stage of the fusion process using multiple pH
conditions and varied target membrane compositions [90]. The authors identified and characterized the
interactions between influenza virions and liposomes and monitored the population of fusion
intermediate states over time (Figure 1.3).

In addition to the initial point-like contact mediated by a small number of HA trimers, intermediates

formed by extended regions of membranes in direct contact with each other emerged prior to



formation of fusion pores that allowed transfer of the viral RNP segments into the merged virus-
liposome vesicles (Figure 1.3). Through analysis of the population kinetics, the putative sequence of
intermediate states traversed during fusion was inferred. Interestingly, in that study, hemifusion was
very rarely observed; it was concluded that the hemifusion state is likely unstable and transiently
populated during fusion [90]. These results challenge prior observations of the hemifusion state in past
studies, which relied primarily on fluorescence monitored membrane fusion with cell surface-expressed
HA, which may not replicate the density and organization of HA on virions and also lack the important
M1 matrix layer [91-93]. Some studies have suggested that hemifusion represents an unproductive off-
pathway state for protein mediated membrane fusion [115, 116]. While this remains a subject of
debate, studies of SNARE protein mediated membrane fusion show that while hemifusion is often
observed, it may function as a metastable trap [115, 116].

Gui et al. suggest that for influenza virus membrane fusion, activated HA first engages the target
membrane through its exposed fusion peptide forming bridging contacts between the two opposing
membranes (Figure 1.3 A). Subsequent HA refolding induces dimpling in the target membrane as it is
drawn towards the matrix reinforced viral membrane leading to formation of localized close contact
zones between the two membranes, which the authors suggest may serve to minimize the initial
energetic penalty incurred from dehydrating the membrane surface (Figure 1.3 A and B) [37, 98]. The
contact zone then expands to form an extended tightly docked interface between the two outer
membrane leaflets (Figure 1.3 A and B). Similar extended interface contacts have been observed during
SNARE protein mediated membrane fusion and the GTP dependent alastin fusion protein [2, 31, 115-
119]. Higher levels of cholesterol or inclusion of lipids found in mature endosomes in the target
membrane were found to promote formation of these extended interfaces [90]. The tightly docked
membranes transitioned to the post-fusion state thus supporting the authors’ conclusion that these

extended interfaces are a critical stage along the fusion reaction [89, 90, 92].



Membrane composition contributes to how the membrane fusion reaction proceeds and what
intermediate structures are stably populated and enriched throughout [37, 87, 89, 92, 95, 96, 98, 120,
121]. A separate recent cryo-ET study of influenza virus membrane fusion with synthetic liposomes,
where the liposome composition differed from that used by Gui et al., found hemifused virus-liposome
complexes in high abundance [89]. While both cryo-ET studies concluded that cholesterol is critically
important for productive and complete fusion to occur, their conflicting results regarding how prevalent
hemifused membranes are indicate that membrane composition can have a significant influence on the
apparent membrane remodeling takes during fusion.

One aspect that makes clear the need to study whole influenza virions to understand the fusion
process relates to the role of the M1 matrix protein layer. While classically HA has been considered the
prime mediator of fusion, M1 likewise appears to play an important role in regulating the order of
events as well as the ability for the virus membrane to deform and complete fusion [90]. At increasingly
acidic conditions the previously well-ordered M1 matrix layer dissociates from the viral membrane
conferring plasticity to the lipid bilayer and greater lateral mobility of HAs engaged in fusion [87, 122].
The HA transmembrane domain (TMD) and cytoplasmic tail are believed to interact with the M1 matrix
layer, thus dissociation of the matrix layer and abolition of this interaction would free the HA TMD
enabling it to mobilize and recombine with the HA2 fusion peptide as the fusion reaction proceeds to
completion [87, 123, 124].

These cryo-ET studies present the most complete observations describing viral protein-mediated
membrane fusion to date and taken together with recent observations on the structural mechanics of
HA fusion activation these studies show how new approaches are providing unprecedented views into

mechanisms of protein-mediated membrane fusion.



1.9 Divergent Mechanism of Fusion Protein Activation

Indeed, HA serves as the prototypical class | viral fusion protein and the system against which all
other class | fusion proteins are compared. However, low pH activation of HA is relatively simple when
compared to other class | fusion proteins with more varied and complex activation modes [9]. For
example, the HIV-1 Env fusion glycoprotein is activated by two successive receptor binding events [4, 46,
64, 125-128]. Env first binds the CD4 receptor on the surface of T-cells which induces reorganization of
the gp120 receptor binding domain and exposure of the co-receptor binding site enabling binding of
either CCR5 or CXCR4 [7, 128]. Recently cryo-EM, sm-FRET, and HDX-MS have been used to characterize
the structure of Env in the apo and CD4 bound conformations, illuminating how CD4 binding induces
long range conformational changes throughout Env priming it for coreceptor binding [46, 64, 125-127].
Remarkably, Env is capable of dynamically sampling multiple conformations at rest, including an “open”
CD4-bound like state [64, 125-127]. While these studies have revealed valuable information about Env
structural dynamics, little is known about how coreceptor binding activates Env during membrane
fusion.

Other class | fusion proteins are activated by similarly complex mechanisms. The S fusion
glycoprotein of some coronaviruses, including the novel SARS2-CoV, is activated by receptor binding and
proteolytic processing [50, 58, 59, 129]. CoV-S is first proteolytically activated during biogenesis
producing the cleaved metastable pre-fusion conformation [50, 59]. CoV-S mediated membrane fusion
requires both receptor binding and a secondary proteolytic activation that occurs in the endosome
during viral entry [50, 58, 59, 129]. However, it is not known how these events act to activate the S
protein for membrane fusion. Furthermore, activation of both HIV-1 Env and CoV-S occur via all or

nothing events rather than a gradated activation like influenza HA. Thus, our understanding of how HA



becomes activated cannot be generalized to other class | fusion proteins that do not share the same
activation mode.

Fusion activation of paramyxovirus F proteins is unique amongst class | fusion proteins as
receptor binding is facilitated by another surface glycoprotein [56, 130, 131]. There are two prevailing
hypothesis describing how paramyxovirus F protein activation occurs through the interaction with the
receptor binding protein (HN, H, or G protein). The dissociation or clamp hypothesis suggests that the
fusion and attachment proteins are associated on the viral surface before receptor binding and that this
interaction acts to stabilize the F protein in the metastable pre-fusion conformation, similar to how the
RBDs of other class | fusion proteins act as a “clamp” and the fusion domain [130, 131]. Upon receptor
binding, the fusion protein dissociates and becomes fusion active. Alternatively, the provocateur
hypothesis suggests that the fusion and attachment proteins exist freely on the viral surface and that,
upon receptor binding, they associate, and the F protein becomes fusion active. One key difference
between these two hypotheses is that in the dissociation/clamp hypothesis the interaction between
attachment and fusion protein is stabilizing, whereas in the provocateur hypothesis this interaction acts
to destabilize the F protein [130, 131].

Ultimately, little is known about the mechanisms of activation for fusion proteins other than
influenza HA. While their triggers are known, until recently it was not well understood how those
triggers are communicated and what the conformational changes are that occur during membrane
fusion. However, as previously discussed, solution state structural and biophysical approaches such as
HDX-MS and sm-FRET are enabling researchers to interrogate the structural biology of increasingly
complex systems.

Recently, Das et al. sought to characterize the dynamic conformational changes that occur another
class | fusion protein, the Ebola virus GP fusion glycoprotein, resulting from a set of activating factors

[41]. Once internalized into cells by macropinocytosis, the low pH conditions of the endosome activate



cellular proteases that cleave and remove the large heavily glycosylated mucin-like domain and glycan
cap from GP [41, 132-135]. Once cleaved, GP binds the Niemann-Pick C1 (NPC1) receptor, which is
required for entry, becomes activated and mediates membrane fusion through a currently unknown
mechanism [132, 136, 137]. While endosomal pH and Ca?* levels have been implicated in Ebola entry
and GP mediated fusion, their molecular basis for their impact on GP structure and dynamics were not
known [138]. Using sm-FRET Das et al. monitored dynamic structural changes in the GP2 fusion domain
that were induced by NPC1 receptor binding, exposure to low pH, and Ca?* [41]. The authors observed
that receptor binding, low pH, and Ca?* act synergistically to promote membrane fusion. Furthermore,
low pH and Ca?* induced dynamic and reversible conformational changes in GP that prime GP for NPC1
binding. Once bound to the receptor, GP transitioned irreversibly to a conformation that was consistent
with the post-fusion state. Thus, the authors conclude that low pH and endosomal Ca?* act to prime GP
for receptor binding following removal of the glycan cap by promoting transition to the receptor binding
competent intermediate state. NPC1 binding induces reorganization of GP into a fusion active
intermediate state and the subsequent transition to the irreversible post-fusion state. This study
presented the first direct evidence for how multiple fusion activation factors serve to regulate and prime
a fusion protein’s activity. While the detailed molecular mechanisms underlying these observed
conformational changes remain to be understood, the study of Ebola GP further highlighted the power
and versatility of the sm-FRET approach and demonstrated how this approach can be used to better
understand the dynamic mechanisms of fusion protein activation in situ beyond the simpler systems
such as influenza HA. This approach thus appears to be well-suited for use in studies of fusion proteins
with complex and multicomponent activation mechanisms such as SARS CoV-S and Lassa GPC [50, 58,

139-146].



1.10 Goals of this Dissertation

The studies and methodology discussed throughout this introduction have outlined how emerging
structural and biophysical approaches have provided insight into the mechanisms by which class 1 viral
fusion proteins, specifically influenza HA, become activated and catalyze the membrane fusion reaction
during viral entry beyond what classical high-resolution structural approaches are capable of. Despite
these advances, our understanding of influenza virus membrane fusion and the structural mechanics of
HA fusion activation are still incomplete. To gain a complete mechanistic understanding of fusion
protein activation and function, detailed resolution of structural reorganization throughout the fusion
protein and sequencing of conformational events traversed by HA in situ is needed. This dissertation
aims to characterize the structural dynamics of HA during fusion activation on intact virions using pulse
labeling HDX-MS and cryo-ET. This approach enables us to monitor and dissect the nature and sequence
of the conformational changes that occur throughout the entire HA fusion machinery during activation
on intact virions and in the soluble isolated ectodomain forms. To date no detailed structural analysis
describing how different regions of HA1 and HA2 respond to acidic pH once the fusion machinery is
triggered has been available. We also aim to characterize the structural and conformational dynamics of
the HIV-1 Env fusion glycoprotein on the surface of authentic and engineered viral particles intended for
use as vaccine immunogens by continuous labeling HDX-MS. Together these works demonstrate the

power and utility of HDX-MS as a tool to study the structure and function of viral fusion proteins in situ.
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1.11 Figures

Viral Membrane

Figure 1.1 Anatomy of Influenza A Virus. Cartoon representation of an influenza A virion. The
segmented RNA genome and nucleoprotein complex is surrounded by the matrix M1 layer which lines
the inside of the host derived lipid membrane. The matrix M2 proton channel traverses the viral
membrane. The hemagglutinin (HA) and neuraminidase (NA) glycoproteins decorate the viral surface.
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Figure 1.2 Architecture of a Class | Fusion Protein. A) The structures Influenza Hemagglutinin (HA)
fusion protein in the pre-fusion (PDB 3HMG) and post-fusion (PDB 1QU1) states highlight the dramatic
pH dependent reorganization that drives the membrane fusion reaction. The pre-fusion state is
metastable with respect to the post-fusion state. In the pre-fusion state the HA1 receptor binding
domain (RBD) (shown in light grey volume and blue ribbon) forms a “clamp” interaction with the HA2
fusion subunit thereby stabilizing the high-energy “spring-loaded” HA2 fusion domain (highlighted by
the HA1-HA2 interface shown in grey). The HA2 N-terminal fusion peptide (FP shown in dark magenta)
forms a “hook” within the fusion domain lashing adjacent protomers together. Once destabilized by low
pH these interactions are lost and HA reorganizes to the post-fusion state where they N-terminal FP and
transmembrane domain (TMD) are colocalized in the newly fused membrane. The post-fusion state is
characterized by the trimer of hairpins formed by the two heptad repeat regions (HR1 and HR2). B)
Comparison of the pre-fusion (top) and post-fusion (bottom) structures of diverse class | fusion proteins
reveals the conservation of core architectural features including the “clamp” interaction between the
RBD and fusion domain and reorganization of the two heptad repeats into a trimer of hairpins. Shown
are the pre- and post-fusion structures of the HIV-1 Env (PDB 5FUU and 1I5X), Coronavirus (CoV) S (PDB
5W9J and 6B30), and Lassa virus GPC (PDB 5VK2 and 50MI). Figure reproduced with permission from
[147].
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Figure 1.3 Visualizing Influenza Virus Membrane Fusion. Intermediates throughout the membrane
fusion were visualized by cryo-ET and the sequence of membrane remodeling was elucidated. A) Cryo-
ET images highlight key intermediates during membrane fusion including HA bridging (1), membrane
pinching (2), and formation of a tightly docked interface (3) (left to right) (scale bar = 50 nm). B) Cartoon
model describing the membrane ultrastructure and sequence of intermediates during influenza viral
membrane fusion. Figure reproduced with permission from [147].
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Chapter 2. HDX-MS Analysis of Viral Fusion Proteins In Situ

Portions of the text in this chapter have been modified and reproduced with permissions from:

t Hodge EA, Benhaim MA, Lee KK. Bridging Protein Structure, Dynamics, and Function Using
Hydrogen/Deuterium-Exchange Mass Spectrometry. Protein Science 2020;29(4):843-855.
doi:10.1002/pro.3790

¥ Benhaim MA, Lee KK, Guttman M. Tracking Higher Order Protein Structure by Hydrogen-Deuterium
Exchange Mass Spectrometry”, Protein & Peptide Letters (2019) 26: 16.
doi:10.2174/0929866526666181212165037

2.1 Introductiont

As previously discussed, high-resolution three-dimensional structures of macromolecular
complexes have deepened our understanding of their assembly and construction. However, proteins are
dynamic molecules that are constantly in motion. These motions range from small fluctuations in local
structure to large scale conformational rearrangements between distinct structural states. Despite the
fact that these dynamic motions and structural rearrangements are critical for protein function, we do
not yet fully understand how these motions and conformational changes contribute to protein structure
and function [1]. This is especially true for viral fusion proteins and particularly relevant to immunogen
design and understanding how viral fusion proteins interact with our immune system and their cellular
receptors. In order to fully understand how viral fusion proteins function, we need to understand the
dynamic structural changes that lead to functionally distinct and antigenically relevant conformations. In
recent years Hydrogen/Deuterium-exchange Mass Spectrometry (HDX-MS) has developed into a
powerful solution-state structural technique that enables the study of macromolecular protein
complexes under native conditions. HDX-MS enables one to interrogate protein structure and function
by directly monitoring backbone amide solvent accessibility in solution, which is sensitive to protein
structural and conformational dynamics [2]. In this chapter | will present an overview of the

fundamental theory behind HDX-MS and outline its practical applications; highlighting how recent
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advances in technology have expanded the capabilities of HDX-MS enabling interrogation of protein

structure in situ.

The Biophysics of HDX-MS: Fundamental Theoryt

Protein motion is constant and ranges from large-scale, slower structural rearrangements to
rapid, transient fluctuations in local structure [3]. These innate, often subtle, dynamic motions across
the protein backbone are fundamental to protein function but cannot be probed readily by most
structural techniques [4]. The intrinsic chemical rate of deuterium exchange of a residue’s amide group
is primarily dependent on temperature, pH, and the particular type of amino acid. Under physiological
conditions the exchange rates for fully exposed amide hydrogens range from 10! to 10° s [5]. On top of
this, HDX-MS applied to proteins is sensitive to the accessibility, or exposure, of backbone amide
hydrogens resulting from a protein’s conformation and can change in response to protein motion and
structural dynamics [5, 6]. In native proteins, the accessibility of a backbone amide hydrogen is largely
dependent on hydrogen bonding and local secondary structure, as well as solvent accessibility [6, 7].
Backbone amide hydrogens more exposed to deuterated solvent will exchange faster than those
occluded in the protein core. Similarly, those amide hydrogens engaged in stable hydrogen bonds are
protected from deuterium and will exchange more slowly. Local fluctuations in protein structure
transiently expose backbone amide hydrogens to deuterium. The propensity for exposed amide
hydrogens in a peptide segment to exchange with deuterium is related to how frequently and for how
long they exist in an exposed, exchange-competent state with respect to the chemical rate of exchange
[6]. These transitions are monitored under equilibrium conditions during continuous labeling HDX-MS
experiments [8]. Briefly, in such an experiment, a protein is diluted into a deuterated solution for various
amounts of time, ranging from seconds to hours or days. The exchange reaction is then quenched by

dropping the solution pH to 2.5 and 0°C, where the labeling rate is at its minimum [6, 9-11]. The labeled
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protein is digested into peptide fragments which are separated and analyzed by liquid chromatography
coupled to mass spectrometry (LC-MS). The reverse phase LC separation must be performed quickly and
under quench conditions to limit back exchange of the deuterium label with water in solution. The
extent of labeling is straightforward to analyze by mass spectrometry as uptake of a single deuteron
produces a Dalton increase in mass.

Under physiological conditions, the majority of local protein motion is faster than the HDX
labeling rate and thus leads to gradual incorporation of deuterium onto the peptide backbone (Figure
2.1 A). So-called “EX2 kinetics” is observed when the interconversion rate between a peptide’s
protected, exchange-incompetent and exposed, exchange-competent state is faster than the labeling
rate [6, 12, 13]. In this case, rapid opening and closing events allow only a subset of the collectively
exposed amide hydrogens to exchange during any single transition to the exchange competent state.
These rapid fluctuations are characterized by unimodal mass spectra envelopes that gradually shift to
higher masses with time. Over time the entire peptide segment will become deuterated after repeatedly
sampling the exposed, exchange-competent state. The rate and extent of a peptide’s deuterium uptake
under EX2 kinetics is interpretable in terms of local structural dynamics, motion, and flexibility (Figure
2.1 A). Furthermore, by characterizing how this exchange profile changes with environment, upon ligand
binding, or between homologous proteins, one can begin to appreciate and dissect the structural basis
for protein function and behavior.

Large scale structural rearrangements, including reversible interconversion between
conformations, can also be monitored by HDX-MS (Figure 2.1 B)[14]. As a protein changes conformation,
the rate and extent of HDX will shift in accordance with the local structure of each state. These types of
protein motion are typically slow (on the order of milliseconds to seconds) and highly correlated across
segments of the amide backbone. In an HDX labeling experiment, this behavior manifests as multimodal

isotopic distributions with unique HDX populations for each structural state, and is termed EX1 kinetics
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[13, 15-17]. For example, if a region in a protein reversibly interconverts between a “closed” protected
(exchange-incompetent) and an “open” exposed (exchange-competent) state, with the residues in this
segment switching conformations in a concerted manner, this would be readily apparent by HDX-MS
(Figure 2.1 B). The amide hydrogens in the “closed” state would be protected from exchange and visible
as a lower mass population in the spectra, whereas those that had transitioned to the exposed state
would be evidenced as a deuterated higher mass population in the spectra. As the protein reversibly
transitions between these states, the individual HDX populations will ultimately converge on the fast
exchanging exposed state, enabling one to determine the rate of conversion between states and their
relative half-lives (Figure 2.1 B). More generally, EX1 kinetics is indicative of correlated local structural
changes or motion occurring slower than the labeling rate; meaning multiple amide hydrogensin a
peptide segment adopt a relatively long-lived exchange competent state and become deuterated
together [13, 18]. In reality, EX1 exchange kinetics are rarely observed under physiological conditions
because one’s ability to resolve EX1 kinetics is dependent on the rate of interconversion between the
protected-exchange incompetent and exposed-exchange competent state being slower than the
labeling rate [13, 18].

EX1 exchange kinetics commonly manifests as abnormally broad mass envelopes, where the two
HDX states are not dissimilar enough from one another to produce visually distinct populations. Analysis
by binomial fitting is sensitive to changes in mass envelope width and can therefore detect the presence
of two similar, coexisting HDX states and characterize their individual exchange profiles through bimodal
deconvolution. The presence of bimodal spectra in HDX-MS data does not always correspond to EX1
kinetics arising from large scale conformational changes, reversible interconversion between states, or
local coordinated motion. It can also be indicative of conformational heterogeneity resulting from
sample impurity or degradation, mixed populations from unsaturated ligand binding, and even back

exchange from chromatographic carryover and improper sample handling [10, 19, 20].
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One of the advantages of HDX-MS is that it is applicable to nearly any protein system of
interest[21]%. With the high sensitivity of modern mass spectrometers, the limits of detection are
sufficient to enable comprehensive studies with very little sample requirements; nowadays, a few
hundred picomoles of protein is sufficient. HDX is now routinely used to study large protein assemblies,
heavily glycosylated proteins, and membrane proteins, all of which can be challenging targets for most
structural techniques. Furthermore, HDX-MS can be used to study protein structure in highly complex
biological matrices such as in blood serum or on the surface of whole cells and viruses [14, 21, 22]. This
chapter is focused on the development of an HDX-MS workflow for studying the structural and
conformational dynamics of the HIV-1 Env fusion glycoprotein in situ using authentic and engineered

viral systems.

2.2 Results and Discussion

VSV-Env-AG Vaccine Candidate Evaluated by ns-ET and HDX-MS

The work presented here was done in collaboration with Joanne DeStefano at the IAVI AIDS
Vaccine Design and Development Laboratory. All electron microscopy and tomography presented here
was performed by Dr. Long Gui and Dr. James Williams.

The HIV-1 Env fusion glycoprotein is the sole antigenic target on the surface of HIV and is
essential for mediating entry into host cells. High resolution structural studies have revealed that Env
dynamically samples multiple, functionally and antigenically distinct, conformations at rest [23-37].
These conformational dynamics are essential for Env’s function as a viral fusion protein and as a vaccine
immunogen. However, our understanding of Env’s conformational dynamics has largely been informed
through the study of stabilized soluble Env ectodomain trimers, termed SOSIPs, as native Env has a high
propensity to misfold [24, 25, 28, 29, 31-34, 38-42]. Furthermore, Env is present in low abundance on

the surface of HIV-1 virions [37]. While a typical influenza virion is decorated with hundreds of copies

HA; HIV-1 virions are sparsely decorated with between 10-20 copies of Env [37, 43, 44]. Thus
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researchers often use engineered virus like particles (VLPs) or infectious viruses, such as vesicular
stomatitis virus (VSV), psuedotyped with HIV-1 Env in place of the VSV-G protein (henceforth referred to
as VSV-Env-AG) [28-30, 32, 45-51].

These platforms provide researchers with a means of studying various components of HIV
biology and Env function; including isolation of and evaluation of neutralizing antibodies against Env
using infectious virions under accessible biosafety conditions [45, 47, 49-51]. Furthermore, these
platforms are currently being evaluated as potential HIV-1 vaccine platforms as recent attempts using
subunit-based vaccines have had limited success [39, 47, 49-55]. However, the structure and
homogeneity of Env present on these VSV-Env-AG psudeotyped virions, and other VLP platforms, is
rarely characterized. In order to create a safe and effective vaccine against HIV-1, it is imperative that
Env be present in the correct conformation so that broadly neutralizing antibodies can be elicited and
that minimal non-native Env is present to avoid eliciting non-neutralizing antibodies [23, 24, 27, 39-42,
49, 52-57]. Thus, we have developed an HDX-MS workflow to characterize the structure and dynamics of
native Env on the surface of intact virions. In combination with negative stain electron microscopy and
tomography imaging this approach can assess virion ultrastructure, Env surface density, and Env

conformation.

Analysis of Virion Ultrastructure and Env Surface Density

VSV-Env-AG particles were first imaged by negative stain electron microscopy (ns-EM) to assess
sample quality and homogeneity (Figure 2.2 A). By ns-EM many particles were in high abundance and
appeared coated with a dense array of surface proteins; however, under these conditions the surface
proteins could not be definitively identified as Env trimers. Thus, we turned to cyro-EM and cryo-ET in
order to obtain higher resolution information and avoid artifacts associated with ns-EM. Attempts to

image VSV-Env-AG particles by cryo-EM were unsuccessful despite numerous attempts to optimize
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freezing conditions. The VSV-Env-AG samples were purified in buffer containing 5% trehalose as a means
of stabilizing viral particles. We believed this buffer additive was affecting sample vitrification and
contributed to poor freezing conditions. We attempted to remove the trehalose by dialysis and imaged
the resulting VSV-Env-AG particles by ns-EM. However, we discovered that dialysis and removal of the
stabilizing buffer additive resulted in significant damage to viral particles and widespread shedding of
surface proteins.

Thus, we turned to negative stain electron tomography (ns-ET) in order to visualize the viral
particles in 3D and characterize the abundance and conformation of the surface proteins. By ns-ET we
observed a significant amount of shed BG505 Env trimers. When free from the viral surface BG505 Env
trimers preferentially orient themselves on the grid in a top down orientation, as was observed for these
free trimers. These free Env trimers are easily identified due to their distinct morphology and resemble
the soluble BG505 SOSIP trimer. Obtaining similar views of the BG505 trimer on the viral surface using
ns-ET was complicated by technical limitations (i.e. the missing wedge problem) and high background
noise [58]. However, we were able to observe some side-views of the surface proteins which strongly
resemble Env trimers (Figure 2.2 B and C)[37]. We also observed a significant amount of elongated and
disordered surface proteins which likely correspond to misfolded Env monomers or dimers. Ultimately,
we were unable to definitively resolve Envs structure and conformation on the viral surface by ns-EM
and ns-ET. Furthermore, negative stain sample preparation can result in perturbation of protein
structure and likely contributed to particle disruption and Env conformation [59, 60]. Thus, in order to

obtain an unbiased characterization of Env’s conformation and homogeneity we turned to HDX-MS.

In Situ HDX-MS Analysis of BG505 Env on VSV-Env-AG VLPs

Typically, HDX-MS analysis requires that your protein of interest be conformationally

homogenous so that the deuterium exchange can be attributed to a single species; in this case trimeric
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BG505 Env on the surface of VSV-Env-AG VLPs [14, 61]. However, our goal here was to assess the
conformation and homogeneity of BG505 Env and determine the relative abundance of native and non-
native BG505 Env. As evident by EM analysis the viral particles were relatively fragile and could not be
concentrated or purified by “rough handling” techniques such as high-speed centrifugal concentration
or spin filtration. Samples prepared for HDX-MS were concentrated by low speed centrifugation and
assessed by ns-EM to ensure the particles were not disrupted. Sample quantity was limited and thus
suboptimal concentrations of Env were used and exchanges were performed in duplicate with a limited
timecourse. Under denaturing quench conditions Env was digested with soluble pepsin and the resulting
peptic peptides were isolated from viral debris by high-speed centrifugation and flash frozen in liquid
nitrogen. Side-by-side exchanges were performed with purified BG505 SOSIP trimers [59]. Samples were
analyzed by LC-MS with ion mobility spectrometry (IMS) using a Waters Synapt G2-Si as previously
described [59].

Peptide coverage of BG505 Env from VSV-Env-AG samples was exceptionally poor and
confounded by high background signal and overlapping peptides from unidentified contaminating viral
proteins. However, we were able to clearly monitor some key conformational reporter peptides in
gp120 that are known indicators of Env conformation and homogeneity. Using binomial fitting and
bimodal deconvolution we were able to assess the relative abundance of non-native Env present in
these samples and obtain a limited dynamic profile of the native trimeric Env.

We determined that there was approximately 20-30% non-native Env present in these samples
(Figure 2.3). The short N-terminal gp120 peptide WVTVY is commonly used as a reporter for Env
conformation and should be highly protected from exchange in trimeric Env, as seen in the BG505
SOSIPs (Figure 2.3 B and 2.4 B). However, we observed bimodal isotopic distributions in the VSV-Env-AG
BG505 sample indicative of non-native Env (Figure 2.3). Bimodal deconvolution of these spectra

suggested that these two HDX states were distinct non-interconverting states and are likely due to
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misfolded or non-native Env as the ratio of these two states does not change over time [14, 62, 63]. This
same exchange profile was observed throughout the N-terminus of gp120 spanning residues 13-25
(Figure 2.3 B). In each of these three peptides bimodal deconvolution indicated that approximately 20-
30% of Env was non-native indicated by the unchanging exposed population. Analysis of a peptide at the
trimer apex in V2 suggests that BG505 Env trimers on VSV-Env-AG VLPs may be more dynamic than
BG505 SOSIPs, however this data can be confounded by the high abundance of non-native Env (Figure
2.5). Peptides at the trimer apex, including this V2 peptide, are commonly used to characterize the
conformation of Env trimers as this region undergoes significant reorganization between the closed
(BG505 SOSIP-like) and open (CD4-bound state) [25, 27, 28, 31, 34, 35, 40-42]. The apparent EX1 like
kinetics observed in the V2 peptide for BG505 on VSV-Env-AG VLPs cannot be definitively attributed to
either conformational heterogeneity arising from non-native Env or interconversion between the open
and closed states. Such definitive conclusions require more comprehensive sequence coverage with
multiple peptides reporting on the same phenomenon or a more homogenous sample set with trimeric
Env. While these data are unreliable for characterizing Env’s conformational dynamics due to the high
degree of heterogeneity they serve as a proof of concept for how HDX-MS can interrogate protein

structure and dynamics in situ.

High Density Env VLPs Display an Abundance of Native Trimeric Env

The work presented here was performed in collaboration with Michael Zwick and Daniel Leaman
at The Department of Immunology and Microbiology at The Scripps Research Institute, La Jolla, CA.
Electron Cryo-Tomography was performed by Dr. Vidya Mangala Prasad.

As previously discussed, the low copy number of Env on HIV-1 virions presents a challenge for
structural biologists and immunologists aiming to characterize Env structure in situ and develop an

effective vaccine against HIV-1 [37, 39, 47, 50, 51, 55, 56]. The low surface density of Env on HIV-1

virions also impedes the humoral immune response and the efficiency of antibody mediated
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neutralization that is greatly enhanced by multivalent interactions [47, 55-57]. Strategies to increase Env
copy numbers on VLPs and other multivalent vaccine platforms have met limited success and, as
outlined above, can result in significant conformational heterogeneity leading to elicitation of non-
neutralizing antibodies [47]. Recently, researchers in Michael Zwicks lab at the Scripps Research Institute
developed an HIV VLP platform that produces VLPs with high surface density of native trimeric Env
(termed hVLPs) [47]. Using successive rounds of fluorescence-activated cell sorting (FACS) they were
able to select for VLP producer cells that produce VLPs that are densely decorated with native Env
trimers [47, 64]. The Env present on these hVLPs was engineered by the Zwick lab to be highly stable
and homogenous [47, 64]. Biochemical characterization of this engineered “Comb-mut” Env trimer
indicated that it is resistant to denaturants, heat, proteolysis, and degradation and is likely in the closed
conformation [47, 64]. Thus, the hVLP platform and Comb-mut Env trimer are well suited for
characterizing Env structure and conformational dynamics in situ using cryo-ET and HDX-MS.

In contrast to the VSV-Env-AG VLPs, the hVLPs appeared as uniform spherical virions with an
abundance of Env trimers decorating the surface (Figure 2.6 A) [47]. Remarkably, even after successive
freeze-thaw cycles we observed minimal soluble Env in the background indicating that the hVLP
particles are relatively robust. Using cryo-ET and sub-tomogram averaging Dr. Vidya Mangala Prasad
sought to characterize the conformation of Comb-mut Env trimers on the surface of hVLPs and obtain a
high-resolution structural model of native Env [37, 65, 66]. Prior efforts to obtain a high-resolution
structure of Env by sub-tomogram averaging have been limited due to available imaging and data
processing technologies [37]. Recent technological advances have greatly expanded the capabilities of
cryo-ET and sub-tomogram averaging enabling us to characterize the structure of native Env with high-
resolution [65-68]. The dense array of conformationally homogenous Comb-mut Env trimers decorating
the hVLP surface enabled Dr. Mangala Prasad to obtain a sub-tomogram averaged model of native Env

at 12 A (Figure 2.6 B). Current efforts are underway to further improve the model resolution; however,
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even at 12 A we can definitively say that native Comb-mut Env trimers exist in the closed conformation.
This model enables us to resolve the membrane-proximal external region (MPER) which had eluded
prior characterization at high resolution. At the current resolution we are unable to resolve
distinguishing features in the MPER or identify secondary structure elements, but further optimization
and model refinement may improve the local resolution at the MPER. When compared to the high-
resolution crystal structure of the BG505 SOSIP trimer, the C-terminus of the gp41 fusion domain
appears splayed outward in the sub-tomogram averaged model (Figure 2.6 B). However, further
refinement is required to interrogate these structural differences.

Next we sought to characterize the structural and conformational dynamics of Comb-mut Env
trimers on hVLPs by HDX-MS. Cryo-ET and HDX-MS have proven to be powerful complementary
structural and biophysical approaches for studying protein structure in situ [22, 66, 69, 70]. As previously
discussed, the Comb-mut Env trimer was engineered to be stable under denaturing conditions and
resistant to proteolysis [64]. While these features are desirable for immunogen design and production of
homogenous trimeric Env they present a significant challenge for analysis by HDX-MS. Using a Thermo
Fisher Fusion Orbitrap equipped with nano flow LC we performed peptide mapping using samples
prepared under HDX-MS conditions and digested with soluble pepsin. The increased sensitivity and
resolution afforded by the Fusion Orbitrap and nano-LC provided us with a maximum potential
sequence coverage of 47% (Figure 2.7). We carried out HDX-MS analysis on Comb-mut Env hVLPs and
BG505 SOSIPs under identical conditions using a Waters Synapt G2-Si and a custom HDX LC handling
system. We were able to monitor far fewer peptides for the Comb-mut hVLPs than anticipated based on
the peptide mapping experiments resulting is 8% sequence coverage (Figure 2.7). However, the peptides
we were able to monitor are common reporter peptides for Env conformation. Analysis of a gp120 inner
domain peptide indicates that Comb-mut Env on hVLPs is homogenous and trimeric and displayed a

nearly identical exchange profile compared to BG505 SOSIPs (Figure 2.8). Furthermore, analysis of a
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peptide in V2 indicates that Comb-mut Env is in the closed conformation and displays a similar exchange
profile as BG505 SOSIPs which is known to adopt a closed conformation [24, 35, 39, 59]. While these
peptides alone cannot be used to definitively characterize the conformational dynamics of Env on hVLPs,

they are in good agreement with our cryo-ET observations.

2.3 Outlook and Future Directions: HDX-MS of native Env in situ

HDX-MS of the Comb-mut hVLP data is still in progress, however high background signal,
inefficient pepsin digestion, and instrumentation limitations resulting in low mass accuracy limit the
extent to which the data can be analyzed with confidence. However, some recent developments in HDX-
MS sample preparation techniques suggest the sequence coverage for Comb-mut Env could be greatly
improved. Using non-ionic detergents such as n-Dodecyl-B-D-maltoside (DDM) to solubilize the viral
membrane we can isolate the solubilized Comb-mut Env trimers under quench conditions, remove the
lipids from solution, and perform online pepsin digestion using immobilized pepsin [71-74]. While this
has the potential to increase the background signal from internal viral proteins such as HIV gag, the
increased digestion efficiency of immobilized pepsin should enable us to track more Env peptides that
are present in higher abundance. This approach has shown great promise for monitoring peptides in
protease resistant regions of the influenza HA fusion domain that previously eluded characterization.
Detergent solubilization of integral and peripheral membrane proteins is common practice in HDX-MS
experiments [14, 21, 71-74]. However, these analyses are predominantly carried out with purified
proteins in synthetic lipid vesicles or lipid nanodiscs [71-74]. Lipid depletion using zirconium oxide was
also successfully used to study the Dengue Virus surface proteins by HDX-MS [75]. However, we
anticipate the background signal from internal viral proteins, especially HIV-1 gag which is present in

staggeringly high amounts relative to Env, to remain a significant limitation to our analysis.
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While these studies demonstrate how HDX-MS, even with limited peptide coverage, can be used
to assess protein conformation and homogeneity in situ we were unable to characterize the
conformational dynamics of native Env to any meaningful degree. Future efforts using the hVLP platform
are aimed at characterizing the conformational dynamics of native BG505 Env trimers of the viral
surface by HDX-MS. The BG505 SOSIP trimer has long served as an invaluable tool for structural
biologists and has become a standard conformational reference for our own HDX-MS studies of Env [28,
29, 31-34, 38-40, 53, 59]. Recent evidence suggests that the conformations sampled by SOSIP trimers
are markedly different than those sampled by native Env trimers on the viral surface [25-36, 38, 48, 76].
Past structural studies of numerous highly diverse Env SOSIPs indicated that Env dynamically
interconverts between a closed and open “CD4 bound” conformation, and that these conformational
dynamics are critical for mediating interactions with cellular receptors and neutralizing antibodies [25,
26, 28-35, 48, 59, 76]. However, when monitored by sm-FRET native Env trimers were found to
reversibly interconvert between at least three distinct conformations [29]. Furthermore, their data
indicate that the ground state for native Env is distinct from the closed state observed in high resolution
structures and by HDX-MS for SOSIPs [29]. While native Env samples conformations resembling the
known open and closed states, the true ground state for native Env has yet to be characterized by any
high-resolution technique. Thus, we aim to use cryo-ET and HDX-MS to characterize the structure and
conformational dynamics of native BG505 Env trimers on the surface of hVLPs. The work presented here
serves as a proof of concept for such future studies. Despite the challenges and limitations outlined here
future developments in HDX-MS sample handling and methodology, combined with improved
instrumentation should enable us to characterize the conformational dynamics of native Env trimers in

situ.
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2.4 Materials and Methods

HDX-MS of VSV-Env-AG BG505 VLPs

All VSV-Env-AG BG505 VLPs were provided by Joanne DeStefano at the IAVI AIDS Vaccine Design
and Development Laboratory. VSV-Env-AG BG505 VLPs were prepared in HBSS buffer with 5% trehalose
as a stabilizing additive. Env concentration was determined by western blotting using the BG505 SOSIP
as a control and determined to be 0.07 mg/mL. Samples were concentrated for HDX-MS by low speed
centrifugation to 0.2 mg/mL and resuspended in HDX PBS buffer ph 7.4 (10 mM Phosphate, 150 mM
NaCl, 0.02% NaNs). Each HDX-MS reaction was prepared to contain either 2 ug of BG505 Env in the VSV-
Env-AG BG505 VLP samples or 6 ug BG505 SOSIPs. HDX-MS reactions were initiated by rapidly diluting
10 ul of protein containing sample into 90 uL deuteration buffer (10 mM Phosphate, 150 mM NaCl, 85%
D,0 (Cambridge Isotope Laboratories)) to a final pH" = 7.6. Samples were deuterated for either 60
seconds or 30 minutes before being diluted 1:1 with ice cold quench buffer (200 mM TCEP [tris(2-
carboxyethyl) phosphine] and 0.2% formic acid (FA)) to a final pH of 2.5. Quenched samples were
digested with 30 ug/mL of porcine pepsin (Worthington Labs) under quench conditions for 5 minutes on
ice. Labeled peptides were purified by high speed centrifugation at 0°C (2 minutes at 25,000 rcf) and
immediately flash frozen in liquid nitrogen. BG505 SOSIP samples were handled identically to ensure
consistent labeling and back exchange. Frozen samples were stored at -80°C until analysis. All samples
were prepared containing 0.25 ug/mL of each PPPI and PPPF tetrapeptides (AnaSpec) as internal
exchange standards [77]. Totally deuterated samples were prepared by as previously described [59].
VSV-Env-AG BG505 VLP reactions were performed in duplicate, BG505 SOSIP exchanges were performed

in singlicate due to sample handling errors during LC-MS analysis.
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Reverse Phase Liquid Chromatography and Mass Spectrometry of VSV-Env-AG BG505 VLPs and BG505
SOSIPs

Samples were thawed for 5 minutes on ice and manually injected into a Waters HDX Manager
kept at 1°C. Samples were trapped on a Waters ACQUITY UPLC CSH €18 VanGuard 1304, 1.7 pm, 2.1
mm by 5 mm trap column for 3 minutes with a flow of solvent A [2% acetonitrile, 0.1% FA, 0.025%
trifluoroacetic acid (TFA)] at a rate of 150 pL/min. Peptides were resolved over a Waters ACQUITY UPLC
CSH C18 130A, 1.7 pm, 1 x 100 mm column using a 10 minute linear gradient of 3% to 50% solvent B
(Solvent B: 100% acetonitrile and 0.1% FA) and analyzed using a Waters Synapt G2-Si Q-TOF with ion
mobility enabled. Source and desolvation temperatures were 70°C and 130°C respectively. The
StepWave ion guide settings were tuned to prevent non-uniform gas phase proton exchange in the
source [78]. A series of trap column wash steps were implemented between each injection to minimize

carryover [62].

HDX-MS of Comb-mut Env V4 hVLPs

Comb-mut Env V4 hVLPs were provided by Michael Zwick and Daniel Leaman at The Department
of Immunology and Microbiology at The Scripps Research Institute, La Jolla, CA and detailed methods for
the production and purification of those samples are described here [47, 64]. Env on hVLPs was
quantified by SDS-PAGE using BG505 SOSIPs as a standard. HDX-MS reactions were initiated by diluting
20 uL of either hVLPs or BG505 SOSIPs with 180 uL deuteration buffer (10 mM Phosphate, 150 mM NaCl,
85% D,0 (Cambridge Isotope Laboratories)) to a final pH" = 7.45. Samples were deuterated for 5
seconds, 60 seconds, 30 minutes, or 3 hours before being diluted 1:1 with ice cold quench buffer (8 M
urea, 200 mM TCEP [tris(2-carboxyethyl) phosphine] and 0.2% formic acid (FA)) to a final pH of 2.5.
Quenched samples were digested with 30 ug/mL of porcine pepsin (Worthington Labs) under quench

conditions for 5 minutes on ice. Labeled peptides were purified by high speed centrifugation at 0°C (2
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minutes at 25,000 rcf) and immediately flash frozen in liquid nitrogen. BG505 SOSIP samples were
handled identically to ensure consistent labeling and back exchange. Frozen samples were stored at -
80°C until analysis. All samples were prepared containing 0.25 ug/mL of each PPPI and PPPF
tetrapeptides (AnaSpec) as internal exchange standards [77]. Totally deuterated (TD) samples were
prepared by collecting purified peptide eluent following reverse phase LC separation of a pepsin
digested undeuterated sample [22]. Following evaporation of the LC elution buffer the peptides were
resuspended in HDX PBS pH 7.50 Buffer, deuterated in Deuteration Buffer for 2 hours at 37°C, and

guenched and frozen as described above. All reactions were performed in duplicate.

Reverse Phase Liquid Chromatography and Mass Spectrometry of Comb-mut Env V4 hVLPs and BG505
SOSIPs

Samples were thawed for 5 minutes on ice and manually injected into a custom built HDX LC
system kept at 0°C using a 500 uL sample loop. Samples were trapped on a Waters ACQUITY UPLC CSH
C18 VanGuard 1304, 1.7 pm, 2.1 mm by 5 mm trap column for 7 minutes with a flow of solvent A [2%
acetonitrile, 0.1% FA, 0.025% trifluoroacetic acid (TFA)] at a rate of 150 uL/min. Peptides were resolved
over a Waters ACQUITY UPLC CSH C18 1304, 1.7 pm, 1 x 100 mm column using a 20 minute linear
gradient of 3% to 50% solvent B (Solvent B: 100% acetonitrile and 0.1% FA) and analyzed using a Waters
Synapt G2-Si Q-TOF with ion mobility enabled. Source and desolvation temperatures were 70°C and
130°C respectively. The StepWave ion guide settings were tuned to prevent non-uniform gas phase
proton exchange in the source [78]. A series of trap column wash steps were implemented between

each injection to minimize carryover [62].
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HDX-MS Data Analysis

Peptic BG505 Env peptides were identified previously and used as a reference list [59]. lon
mobility and LC retention time filtered spectra were extracted from the raw MS files using CDCReader
[79]. Spectra were analyzed using HXExpress V2 with binomial fitting and bimodal deconvolution [63,
80]. Fitting with more than one binomial distribution was only performed when a single binomial was
not sufficient to encompass the mass envelope and the two populations could be separated with

confidence as previously described [22, 63, 80].

48



2.5 Figures
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Figure 2.1 Protein structural dynamics and motion monitored by HDX-MS. Continuous labeling HDX-MS
probes the accessibility of backbone amide hydrogens (blue circles) by their exchange with deuterium in
solution. Under equilibrium conditions the majority of protein structural dynamics and motion manifests
as “EX2 kinetics” (A) where deuterium is gradually incorporated across the protein backbone in a
manner directly related to the local structural dynamics and changes in amide accessibility. Examples of
peptide specific HDX-MS data with representative mass spectra show the gradual incorporation of
deuterium over time. Peptide segments in highly structured regions with strong hydrogen bonding
networks (green beta sheet) take up deuterium much slower than regions with exposed and accessible
amides (pink loop) and those undergoing dynamic motions (blue helix) that occur faster than the
labeling rate. (B) When these dynamic structural changes are slower than the labeling rate (e.g., a
reversible interconversion or conformational change) they produce unique and resolvable HDX states
that manifest as “EX1 kinetics.” Here the protein reversibly interconverts between conformations with a
protected (blue) or exposed (orange) helical domain. Analysis of the mass spectra reveals the
equilibrium distribution of these two states and their respective half-lives. T
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Figure 2.2 Analysis of VSV-Env-AG BG505 VLPs by ns-EM and ns-ET. VSV-Env-AG BG505 VLPs imaged by
ns-EM (A) were found to be heterogenous and were often broken or without any membrane. Intact
particles were densely coated with surface proteins (A black arrow). In negative stain tomographic Z-
plane slices (B and C) of VSV-Env-AG BG505 VLPs side views of Env trimers can be clearly identified (B
and C black arrows). Top views of Env were difficult to obtain on viral particles but could be clearly seen
in free trimers. All images were taken by Dr. Long Gui and Dr. James Williams.
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Figure 2.3 N-terminal gp120 Peptides Report on Env Quaternary Organization. Bimodal deconvolution
of gp120 N-terminal peptides (B and C) indicates between 20-30% of total Env are non-native.
Disruption of Env quaternary structure exposes the gp120-gp41 interface to solvent resulting in rapid
deuterium exchange (B and C Orange Fit). In native Env trimers these regions are highly protected and
resistant to deuterium exchange even at late time points (B and C Grey Fit). Conformational
heterogeneity resulting from non-native Env can be readily distinguished from EX1 kinetics arising from
conformational sampling as the ratio of each population does not change over time, as seen in these
gp120 peptides. (A) Peptides mapped onto Env structure: Peptide 1 (Red) and Peptide 2 (Coral) (PDB

5fuu).
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Figure 2.4 N-terminal gp120 Peptides in BG505 SOSIP Trimers are Protected and Unimodal. In
homogenous trimeric Env gp-120 N-terminal peptides are protected from exchange and unimodal (B
and C). (A) Peptides mapped onto Env structure: Peptide 1 (Red) and Peptide 2 (Coral) (PDB 5fuu).
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Figure 2.5 gp120 V2 Peptide Reports on Env Conformational Dynamics. In BG505 SOSIPs the gp120 V2
peptide (B) indicates Env is in the closed conformation and does not sample the open state. This same
V2 peptide in VSV-Env-AG BG505 VLPs (C) is bimodal and displays EX1 kinetics. In conformationally
dynamic Env variants similar EX1 kinetics profiles are observed, however the high degree of non-native
Env present here likely contributes to the observed dynamics. (A) Peptide mapped onto Env structure in

red (PDB 5fuu).
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Figure 2.6 Cryo-ET and Sub-Tomogram Averaged Model of Comb-mut Env on hVLPs. (A) Representative
cryo-EM micrograph of V4 hVLPs with Comb-mut Env trimers decorating the surface (Red Arrows). (B)
Sub-tomogram averaged structure of Comb-mut Env trimers on the surface of V4 hVLPs at 12 A
resolution with atomic resolution model docked in (PDB 6mu6). Figure kindly provided by Dr. Vidya
Mangala Prasad.
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Figure 2.7 Coverage Map of Comb-mut Env V4 hVLPs. Comparison of peptide coverage obtained using a
Thermo Fisher Fusion Orbitrap with nano flow LC (Blue) and Waters Synapt G2-Si under HDX-MS
conditions (Red). The majority of glycopeptides identified by the Fusion are not included as they could
not be confirmed manually in the HDX-MS data. Coverage map generated using MSTools [81].
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Figure 2.8 HDX-MS of V4 hVLPs and BG505 SOSIP. Comparison of the V2 loop (Peptide 1) and gp120

inner domain (Peptide 2) peptides by HDX-MS reveal similar dynamics. The V2 loop is a common

indicator for conformational dynamics in Env trimers and appears unimodal in both trimers here

suggesting Comb-mut Env trimers on v4 hVLPs exists in the closed conformation similar to BG505

SOSIPs. The gp120 inner domain peptide reports on quaternary organization and dynamics and appears

protected and unimodal in both Comb-mut Env and BG505 SOSIP trimers. (A) Peptides mapped onto Env

structure: Peptide 1 (Red) and Peptide 2 (Coral) (PDB 5fuu).
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Chapter 3. Structural Monitoring of a Transient Intermediate in the

Hemagglutinin Fusion Machinery on Influenza Virions

The work presented in this chapter has been reproduced in its entirety in accordance with copyright
permissions from:

Benhaim MA, Mangala Prasad V, Garcia NK, Guttman M, Lee KK. Structural monitoring of a transient
intermediate in the hemagglutinin fusion machinery on influenza virions. Sci Adv. 2020;6(18):eaaz8822.
Published 2020 Apr 29. doi:10.1126/sciadv.aaz8822

3.1 Introduction

Infection by influenza virus, and all enveloped viruses, requires fusion of the viral and host
membranes. Enveloped viruses have evolved specialized fusion protein machinery that undergoes major
conformational changes in order to drive the membrane fusion reaction to completion [1]. For influenza
virus, the hemagglutinin (HA) fusion glycoprotein trimer mediates entry into host cells by its receptor
binding and membrane fusion activities [1, 2]. HA is first synthesized as an inactive, single chain
polypeptide precursor (HAO) that trimerizes and is activated by proteolytic processing [3, 4]. The
resulting functional HA assembly is a homotrimer of disulfide-linked heterodimers consisting of a
receptor binding subunit, HA1, and a membrane fusion subunit, HA2 (Figure 3.1 A). The N-terminus of
HA2 includes the hydrophobic fusion peptide, which in the pre-fusion configuration is sequestered away
from membranes in a pocket that extends into the central core of the HA trimer, while the C-terminus of
the HA2 subunit is anchored in the virus membrane by a transmembrane domain. Influenza virus
infection begins when HA binds sialic acid on cell surface receptors through a low affinity, high avidity
interaction that initiates internalization through receptor-mediated endocytosis. The HA fusion
machinery is activated by low pH in the maturing endosome, triggering a cascade of large-scale

conformational changes where the refolding of HA to the post-fusion state is coupled to overcoming the
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activation energy barrier that separates pre- and post-fused membranes (Figure 3.1B)[5-8]. The
formation of the resulting fusion pore enables transfer of the viral genome into the cell [9].

Crystal structures of the pre-fusion HA ectodomain and an HA2 fragment of the post-fusion
state illustrate the beginning and end points of the membrane fusion process (Figure 3.1B). Comparison
of the pre- and post-fusion structures reveals the dramatic structural reorganizations that occur in the
fusion domain during membrane fusion, but they do not reveal the structural calisthenics occurring
between these end points [5-8]. The mechanism by which a fusion protein activates and mediates
membrane fusion remains poorly understood. The conventional mechanistic model for HA fusion
activation and membrane fusion describes pre-fusion HA as a spring-loaded fusion machine [7, 10, 11].
The salient features of the spring-loaded model are that the pre-fusion structure represents a high-
energy metastable configuration of the HA trimer, which upon exposure to acidic pH rapidly and
irreversibly refolds to a new post-fusion hairpin conformation. In this post-fusion state, the fusion
peptide is relocated ~100 A towards the target membrane at the apex of an extended coiled coil, where
it is colocalized with the relocated transmembrane anchor. Key interactions that maintain HA in the
metastable state have been suggested to center on a “clamp” in HA1 that constrains a key HA2 loop and
a “hook” formed by the fusion peptide that lashes two helices together in the pre-fusion trimer [7]. The
“Uncaging” model for HA activation suggests that HA1 acts as a cage or clamp containing the spring-
loaded HA2 fusion machine; whereupon low pH releases the HA1 cage, allowing rapid and irreversible
activation of the spring-loaded HA2 fusion machine [7, 11-13]. By contrast, a “fusion peptide release”
model suggests that low pH first stimulates release of the HA2 N-terminal fusion peptide “hook” from its
sequestered pocket in the core of HA2 prior to HA1 head domains dissociating from each other [12, 14-
21]. In this model, the exposed fusion peptide, tethered to a highly dynamic HA2 subunit, is deployed
and available to engage with the target membrane prior to the large-scale refolding of HA2 into the

post-fusion, hairpin conformation [22].
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To date, only piecemeal biophysical evidence has been available to support one or the other of
these models of HA activation. No detailed structural analysis describing how different regions of HA1
and HA2 respond to acidic pH once the fusion machinery is triggered has been available. HDX-MS
analysis of the soluble Bromelain-released HA (BHA) ectodomain at pH values approaching the threshold
of activation revealed dynamic structural changes throughout HA, suggesting that it is primed for fusion
peptide release [12]. Increased dynamics were observed at and around the fusion peptide whereas the
HA1 receptor binding domain interface became more protected prior to acid activation [12]. Crystal
structures of BHA under similar conditions revealed a structural relaxation in the HA2 B-loop at the HA1-
HA2 interface suggesting exposure to mildly acidic conditions loosens structural constraints around the
fusion domain and primes HA for activation [23]. By cryo-electron tomography Fontana et al. observed
morphological changes in HA at low resolution on the virus surface, which led them to infer that fusion
peptide release precedes dissociation of the HA1 globular head and that both of these events are
reversible [15]. Recently, single-molecule FRET imaging enabled the first observation of a dynamic HA
intermediate state during membrane fusion [14]. To gain a mechanistic understanding of fusion protein
activation and function, detailed resolution of structural reorganization throughout the fusion protein
and sequencing of conformational events traversed by HA is needed.

Here we present a pulse labeling Hydrogen/Deuterium-exchange Mass Spectrometry (HDX-MS)
method that enables us to capture snapshots of the HA fusion machinery undergoing its complex
conformational changes during activation (Figure 3.1 C). Pulse labeling HDX-MS is sensitive to changes in
a protein’s local secondary structure, conformation, and global quaternary organization. It enables one
to monitor accessibility of amide hydrogens across the protein backbone [24]. Changes in the local
structure of a given peptide segment can be distinguished from the initial state by measuring changes in
the extent of amide exchange. In our pulse deuteration approach using intact infectious virions, we

trigger HA’s activation then introduce a rapid deuteration pulse that labels the HA ensemble
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immediately prior to quenching the exchange reaction. Using binomial fitting and bimodal
deconvolution, we were able to resolve and characterize distinct, often co-existing structural states,
measure their relative abundances, and monitor the transition between conformational states [24, 25].
The transitions observed throughout the protein reveal the nature and sequence of the local
conformational changes that occur throughout HA during fusion activation on intact infectious virions.
Our data provide new insight into the conformational changes traversed by HA and allow us to probe
the on-pathway dynamic intermediate ensemble conformation populated by HA during its activation.
This intermediate ensemble exhibits a structurally flexible fusion domain prior to formation of the post-
fusion state. These changes coincide with reorganization of the N-terminal HA2 fusion domain, the HA1-
HA2 interface, as well as between HA1 subunits; but are clearly distinguished from the transition to a
stable post-fusion conformation. These data thus provide a detailed structural, dynamic, and temporal
characterization of a type-I fusion protein’s activation in the native context on the surface of infectious

virions.

3.2 Results
HA Presented on Whole Influenza Virions Remains in the Pre-fusion Conformation at Neutral pH

The pre-fusion conformation of HA on intact X-31 H3N2 influenza virions was first examined
under neutral pH (pre-activation) conditions (pH 7.5, 37°C) from our pulse deuteration series to assess
the presence of any conformational heterogeneity amongst HA spikes prior to activation. Our
experimental conditions allowed peptides spanning the majority of HA1 to be monitored including the F’
domain, hinge region, receptor binding domain, and trimeric interface (Figure 3.1 A)(HA numbering
follows Wilson, 1981)[5]. We obtained greater than 93% sequence coverage for HA1 on whole virus
resulting from more than 30 unique peptides (Figure S3.1). The coverage throughout HA2 on whole virus

was more limited (34% sequence coverage); however, we were able to monitor key peptides involved in
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the structural reorganization from the pre- to post-fusion state including the N-terminal fusion peptide,
A-helix, B-loop, and portions of the C-helix. Only those peptides present and trackable throughout the
acidified reactions were included in analysis. Under neutral pH conditions, we observed unimodal HDX
profiles for all identifiable HA peptides indicating that the HA on the virus surface was in a
conformationally uniform state and that no detectable sub-populations (e.g. misfolded or unprocessed
HA) were present. These pulse deuteration results are consistent with our previously reported
continuous deuteration labeling HDX-MS studies of pre-fusion H3 Aichi/68 HA on intact virions [12].
Western blot analysis of HA on whole virions and BHA further confirms that no unprocessed HA is
present (Figure S3.2). Correct HA processing was also confirmed by mass spectrometry as no peptides
unique to HAO were found. Analysis of the internal exchange standard PPPI showed consistent labeling

times for each reaction (Figure S3.3).

The HA2 Fusion Machinery Becomes Highly Solvent Accessible and Dynamic in a Transient
Intermediate State Following Low-pH Activation

In order to monitor the conformational pathway traversed by HA, we next activated influenza
virions from the same stock as above by lowering the pH to 5.1. At time points ranging from 0 seconds
to 360 minutes, the virus was exposed to a 5 second pulse of D0 that transiently raised the pH* to 8.0
(Figure 3.1 C). Following this brief pulse deuteration, samples were rapidly quenched, digested, and
frozen for subsequent analysis by mass spectrometry. Pulse labeling HDX-MS enables us to monitor
structural changes as they occur during protein motion; however, we are limited to monitoring only
those structural changes significant enough to produce a new, unique, and resolvable HDX state. It
remains possible that early structural changes that are too subtle to alter amide protection, occur too
quickly, are reversed by the brief elevated pH pulse (pH* = 8.0), or go undetected by this approach. For

example, it has been suggested that some early acid-induced structural changes in HA are reversible
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upon reneutralization; as recently demonstrated for fusion peptide release by Das et al. using SM-FRET
[14, 15, 18]. We note however that under our pulse conditions (pH* = 8.0, 22°C), exposed amide
hydrogens will exchange fully in 20 ms (5 half-lives for an exposed amide), meaning that in our
approach, HA becomes labeled very rapidly in most cases prior to large-scale refolding events that can
take place [26]. Our data show that the rate of exchange for exposed amides across HA is faster than the
rate of refolding as the alternative scenarios would produce markedly different data. If the rate of
refolding was greater than the rate of exchange, this would result in all peptides being in the refolded
state before they become labeled [24, 27]. Similarly, if the rate of refolding was comparable to the rate
of exchange, we would be able to detect a population with an intermediate level of deuteration as the
peptide transitions to a more protected state and is simultaneously labeled [24, 27]. As we do not
observe either of these phenomena in our data, we can assume with confidence that refolding does not
have an appreciable effect on the structural transitions observed here. Hence we can monitor all but the
fastest refolding events in HA.

Notably, in contrast to the ubiquitous unimodal spectra for all HA peptide segments that were
observed prior to low pH-induced activation, once exposed to pH 5.1 conditions, bimodal spectra began
to emerge for numerous peptides throughout the HA trimer. From the pool of peptides showing clear
bimodal isotopic distributions throughout the acidification process, it was possible to apply bimodal
deconvolution to quantify the contribution and relative abundance of each conformational state
throughout the full time course [25]. Examples of peptide-specific population shift data are shown in
Figures 3.2, 3.3, 3.5 and Supplemental Figures 3.5-7. The shift in the relative populations across the
complete time course revealed two distinct, sequential conformational transitions occurring throughout
HA1 and at least three conformational transitions in HA2. Below, we describe these changes sequentially

as they appeared following acidification.
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The first observable conformational changes following exposure of the virus to acidic conditions
(pH 5.10) occurred rapidly after acidification. Analysis of key peptides in the HA2 fusion machinery
subunit reveal the concurrent formation of a dynamic fusion peptide-released intermediate ensemble
state that emerges as soon as 5 seconds after activation of HA on intact influenza virions (Figure 3.2 B).
As seen in the mass spectra, a transient intermediate conformation reported by the A-helix is highly
solvent accessible (red envelopes and traces in Figure 3.2 B Peptide 1) compared to the initial and final
protected states. This exposed conformational population shows a clear increase and subsequent
decrease in abundance over the course of HA’s conformational change, peaking at 1 minute after acid-
activation. As the exposed population is almost maximally deuterated, we infer that this segment is
highly exposed and likely sampling relatively disordered conformations (Figure 3.2 B Peptide 1). At 1
minute, a highly protected conformational state, consistent with the proposed extended helical
intermediate and known post-fusion helical bundle conformation that incorporate the A-helix into the
bundle, also begins to appear, and grows monotonically over the course of the transition as the
exposed, dynamic intermediate decreases in abundance (Figure 3.2 B Peptide 1).

Analysis of the A-helix required constraining the binomial fits for the exposed intermediate and
post-fusion states (Figure 3.2 B Peptide 1- red and blue envelopes respectively), which were well defined
and consistent throughout the time course. This revealed an additional transition where the pre-fusion
neutral pH conformation shifts to a slightly more exposed state, emerging by 3.5 minutes post-
acidification (Figure 3.2 B Peptide 1- see peak shift of orange envelopes relative to vertical green line).
Described in more detail below, this likely reflects the structural relaxation of adjacent stem regions of
HA1 that pack against the A-helix in pre-fusion HA. It is likely that this population is present at earlier
time points, however we are unable to clearly resolve its presence as the pre-fusion, neutral pH like
state is more abundant and we are limited to monitoring at most three states concurrently. If we tried

instead to constrain the m/z centroid position of the initial pre-fusion, neutral pH conformation (grey
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envelopes) throughout the time course, the deconvolution of the multimodal spectra produced a poorer
overall fit for each state but did not change the overall kinetics of the population changes (Delta Chi
Square = -4.3e7). This indicates that at some of the intermediate time points, there are at least four
coexisting states sampled by the A-helix (Figure 3.2 B and C); the ordered and solvent protected helical
pre-fusion neutral pH state (grey), a slightly more dynamic, exposed but structured fusion peptide
released intermediate state (orange), a highly exposed unstructured fusion peptide released
intermediate state (red), and the highly protected helical post-fusion state (blue). Together these two
resolvable intermediate populations contribute to the dynamic intermediate ensemble state. It is highly
likely that there exist a number of interconverting structures that contribute to these mass envelopes
that we are unable to resolve. While quantitative analysis of the HA2 N-terminal fusion peptide itself
was confounded by a significant loss of signal intensity over time, perhaps due to the significant
hydrophobicity of this segment, peak width analysis revealed an increase in conformational
heterogeneity and formation of an exposed state at 5 seconds post-acidification (Figure S3.4). The
peptide’s behavior was thus consistent with the formation of a fusion peptide released state as early as
5 seconds post-acidification.

We observed parallel behavior starting as early as 5 seconds post-acidification for formation of
an intermediate state involving the HA2 B-loop (Figure 3.2 B Peptide 2). In this intermediate state, the B-
loop is more exposed than the structured loop observed in the pre-fusion state. The pre-fusion B-loop is
defined by ordered but exposed amides, whereas the intermediate state appears fully exposed (red
envelopes and traces in Figure 3.2 B Peptide 2). As with the A-helix, the B-loop subsequently reports on
the transition from the dynamic intermediate state to the ordered post-fusion helical bundle
conformation [8]. Interestingly, we note that a small sub-population of highly protected B-helices
(approximately 15%) began to appear starting at 5 seconds post-acidification. This minor fraction’s

behavior may be consistent with previous sm-FRET observations that some fraction of HA can transition

69



relatively directly to the post-fusion state without traversing the dynamic intermediate state that is
observed [14]. Analysis of the B-loop required constraining the pre-fusion neutral pH state (grey)
throughout the time course. It is possible that the broad multimodal distribution represented by the
grey and red fits at intermediate time points contains more than two distinct structural states that are
indistinguishable by HDX and cannot be resolved in our data.

Taken together, these data indicate that the dynamic intermediate ensemble state reported by
the A-helix (HA2 39-52) and B-loop (HA2 53-69) segments appears rapidly, starting within 5 seconds
after acidification. In this state, the critical fusion-peptide associated sub-domains of HA2 are
structurally dynamic and distinct from the known pre- and post-fusion structures of HA2 (Figure 3.2 C).
The intermediate ensemble becomes populated well-before formation of the post-fusion state, where
these segments form highly protected, stable helices as part of the trimeric core helical bundle (Figure

3.2)[6, 8].

Concomitant with HA2 Activation, the HA1-HA2 and HA1-HA1 Interfaces Reorganize

The HA1 subunit has been described as serving as a clamp around the HA2 fusion machinery
subunit, however as our data above reveal, key portions of HA2 become highly dynamic and exposed
soon after activation conditions were introduced [7]. To understand how and on what timescale HA1
reorganizes, we examined peptide segments that first form contacts with HA2 in the pre-fusion state;
these peptides include the HA1 F domain which packs against the HA2 N-terminal fusion peptide
proximal subdomain and A-helix (Figure 3.1 A). We then examined peptides involved in maintaining the
trimerized HA1-HA1 head, which must eventually dissociate in order for HA2 to be able to adopt the
post-fusion state.

In the same early time frame in which HA2 began to populate a dynamic intermediate state, we

observe that within the HA1 subunit the fusion peptide proximal HA1 F’ region (HA1 26-33 and 281-316)
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began to transition to a more exposed state (Figure 3.3 A Peptides 1 and 2), and by 3.5 minutes post-
acidification almost completely populated this new state (Figures S2.5 A and B, $2.6 Al and A6, and
Table S3.1). The increase in exposure is likely due to a loss of quaternary packing interactions between
the F" domain and the N-terminal segment of HA2 that are present in pre-fusion HA. Indeed, in regions
of HA1 that span the HA1-HA2 interface including the HA1 hinge and F’ region (Figure 3.3 and Figures
S3.5-6 and Table S3.1), peptides show a distinct initial increase in deuterium uptake and broadening of
the mass envelope from 5 seconds up until 1 minute, where the mass envelope then narrows to a single
more uniform population that reflects a conformational state with an intermediate level of exposure
between the pre-fusion and fully exposed states (Figure 3.3 and Figure S3.5 A). These changes occur in
concert with the early changes in HA2 in the fusion peptide-associated regions. Together these peptide
segments cover nearly the entire HA1-HA2 quaternary interface and show the large-scale structural
reorganization that occurs following fusion peptide release and the coinciding reorganization of the N-
terminal HA2 fusion domain (Figures 3.2 and 3.3 and Figures S3.5 and S3.6).

In contrast, HA1 peptides that do not form quaternary contacts with HA2 or adjacent HA1
protomers do not show any increased deuterium uptake until 3.5 minutes post-acidification (Figures
S3.5 D and S3.6). These peptides in a sense serve as internal standards that demonstrate that the
changes we monitor in other sites are significant and a result of structural reorganization.

In the first, early conformational transition, we also observed reorganization of the protomeric
interface between HA1 receptor binding domains that reveals a shift to a more exposed state (HA1 212-
228) (Figure 3.3 A Peptide 3 and Figure S3.5 A). This shift takes place on the same timescale as fusion
peptide release, occurring between 15 seconds and 1 minute. Reorganization of the HA1-HA1 interface
thus coincides with changes that take place proximal to the fusion peptide subdomain in the HA stem

region and across the HA1-HA?2 interface.
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A Large-scale Unfolding in HA1 is Seen at Late Timepoints Following Fusion Activation

In a late stage of structural reorganization within HA1, beginning at 3.5 minutes, we observed
widespread unfolding of the HA1 globular head, marked by transitions to nearly fully deuterated states
(Figure 3.3 A Peptide 2, and Figures S3.5 C-D and S3.6, and Table S3.1). Peptides spanning the C-terminal
segment of the F domain (HA1 281-316), which form quaternary contacts with the HA2 fusion domain,
show an initial conformational change and increase in exposure associated with fusion peptide release
(Figure 3.3 A Peptide 2 - grey to orange coloring) and subsequently a distinct shift to a maximally
exposed state (Figure 3.3 A Peptide 2 — orange to purple coloring). HA1 peptides that do not form
qguaternary contacts with HA2 or adjacent HA1 protomers do not show any increased deuterium uptake
until 3.5 minutes post-acidification where they transition to fully exposed state (Figures $3.5 D and
S3.6). Certain HA1 peptides with strong secondary and tertiary structural elements, including portions of
the 110-helix and peptides spanning the receptor binding site, do not fully unfold but nevertheless
transition to a significantly more exposed state in concert with the unfolding event (HA1 109-119, 175-
194, 234-243) (Figures S3.5 A and S3.6). These data suggest that that receptor binding HA1 head domain

transitions to a molten globule-like state following extended exposure to endosomal pH conditions.

pH Dependence of HA Fusion Activation

To determine whether HA fusion activation follows a similar trajectory across a range of
fusogenic pH conditions, we performed pulse labeling HDX-MS on HA acidified to pH 5.25 at 37°C
exactly as described above. The overall nature and sequencing of events mirror the trajectory described
at pH 5.10, however the onset of each conformational event was delayed (Figure 3.4). Both fusion
subunit triggering and reorganization of the HA1 receptor binding domain (RBD) at the protomeric
interface commenced between 15 seconds and 1 minute post-acidification and reached completion by

12 minutes (Figure 3.4 A-D orange coloring). The same form of dynamic intermediate state was
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observed in both the A-helix and B-loop with HDX profiles; however, this state was slightly less abundant
at each time point when compared to activation at pH 5.10 (Figures 3.2, 3.4, and S3.7). The late stage
unfolding of the globular head was also observed with delayed onset and kinetics compared to the pH
5.10 condition (Figure 3.4 C-F purple coloring). These data suggest that shifting the pH of activation can
accelerate or slow the onset and rate of change for each conformational event but does not change the

structural or dynamic nature or sequence of those conformational changes.

Soluble BHA Ectodomain Follows a Two-state Transition from Pre- to Post-fusion Forms

The soluble bromelain-released HA ectodomain (BHA) or analogous trimeric ectodomain
constructs are commonly used for the study of HA’s structure and function in place of the native full-
length membrane anchored HA. However, it has been suggested that significant differences exist
between how BHA and full-length HA behave during fusion activation [28]. Detailed structural and
functional analysis of HA activation for intact trimeric spikes versus soluble ectodomain has not been
possible with previously employed methods. Here, we sought to use the pulse deuteration approach to
characterize the conformational changes in BHA and to compare them with the behavior of intact HA on
virions under identical fusion activation conditions at pH 5.25.

Pulse labeling HDX-MS demonstrated that fusion peptide release and head opening events
occurred similarly between BHA and HA on virions both in terms of the structural changes that occur
and the kinetics of each conformational change (Figures 3.5 A Peptides 1 and 2 and S3.8). Most notably,
in contrast to what we observed for HA on intact virions, in soluble BHA the A-helix and B-loop display
unambiguous two state behavior transitioning directly from the pre- to post-fusion states with no
observable intermediate (Figure 3.5 A Peptides 3-4). Both the A-helix and B-loop transition to their
respective protected post-fusion states in concert with the fusion peptide release and head opening

events (Figures 3.5 A Peptides 3-4 and S3.8). The two coexisting populations in the A-helix data could
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not be resolved by bimodal deconvolution as the centers of each population were too close. Analysis
using a single binomial fit reveals an increase and subsequent decrease in the peak width over time.
Most notably there are no changes in the mass envelope that indicate the presence of a more exposed
state and the increase in width can be unambiguously attributed to the formation of the post-fusion
state (Figure 3.5 A Peptide 3). BHA thus transitions from pre- to post-fusion conformations in a two-
state fashion, whereas intact HA on whole virus particles exhibits the presence of a transient but highly

populated, dynamic conformational intermediate state.

Visualization of Low pH-Induced HA Structures by Cryo-Electron Tomography

In order to obtain complementary structural characterization of HA under neutral pH and fusion
activating conditions, cryo-electron tomography of virions treated identically to the HDX-MS
experiments was performed. At neutral pH, the HA trimeric spikes are closely spaced and well-ordered
on the virion surface, consistent with previous cryo-ET imaging of influenza virus (Figures $3.9 A-C and
$3.10 A) [29, 30]. By contrast, influenza virion tomograms of the virus treated for 1 minute at pH 5.10
show a high degree of variability in the HA structure and organization (Figures S3.9 D-E and S3.10 B).
Here, individual HA appear to populate a heterogenous mixture of low pH-induced configurations, and
have, in part, lost the characteristic hour-glass shaped structure of neutral pH HA (Figure $3.9 A-B, D-E).
Even HA spikes on the same virion have variability in their relative conformations. In these acid-triggered
states, HA still maintains its overall trimeric nature as seen from closely clustered HA1 subunits in the
top view cross-sections (Figure S3.9 F). From these types of images, the low pH HA appears to be
sampling different conformation states, some of which show variable degrees of separation of the HA1
interface or overall thinning of HA (Figure S3.9), but there does not seems to be a singular dominant,

discrete intermediate state.
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3.3 Discussion

Viral fusion proteins face a unique challenge in terms of staying poised in a pre-fusion state on
the surface of the virus until exposed to the necessary triggering events that activate them into a
fusogenic state. Once activated they undergo structural calisthenics that are required to draw two
opposing membranes together and induce them to fuse. This refolding process is believed to be critical
to driving fusion forward. To date however, we have had a very limited view into how these dynamic
fusion machines carry out their function, and the structural, dynamic nature of the activated, fusogenic

forms of the machinery.

HA populates an ensemble of highly dynamic intermediate states during activation

The influenza HA membrane fusion protein has been viewed as a “spring-loaded” fusion
machine that rapidly and irreversibly activates upon exposure to the low pH environment of the
maturing endosome [7, 10, 11, 13, 31]. This view was proposed based upon experiments that indicated
that the pre-fusion state is in a trapped, high-energy metastable state, which can be induced to
transition irreversibly to the stable, low-energy post-fusion state through a range of destabilizing
conditions [7, 8, 11]. Recent methodological advances have made it possible to study the transitions
between viral fusion protein conformational states under native activation conditions [14, 15]. For
example, a single-molecule FRET (sm-FRET) imaging of HA displayed on engineered lentivirus particles
enabled the conformational change of the HA2 subunit to be monitored during fusion activation and
membrane fusion [14]. Using HA with two fluorescent dyes that served as FRET pairs engineered into
HA2, Das et al. show that acid-activated HA reversibly samples multiple intermediate conformations and
proceeds through a highly flexible obligate intermediate state during activation and membrane fusion.

While sm-FRET provides a powerful means to probe the relative disposition of the two fluorescent probe
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molecules that were covalently attached to HA, the behavior of most of the trimer remained
uncharacterized. No information has been available for sites such as HA1 receptor binding subunits,
which have been hypothesized to cage the HA2 fusion subunit modulating its activation, as well as
regions of HA2 that undergo dramatic refolding that is key to the fusion protein’s ability to deploy the
fusion peptide and draw the two membranes together.

Using HDX-MS and cryo-ET, we investigated the nature and sequence of the conformational
changes that occur throughout the HA fusion machinery during activation on intact virions and in soluble
isolated ectodomain forms. Our data reveal concurrent reorganization of the HA1-HA2 interface
centered around the HA2 N-terminal fusion peptide proximal subdomain (segments spanning from the
B-loop to the fusion peptide) and HA1 protomeric interface (Figures 3.2-3.4, and S3.4-3.7). The loss of
guaternary contacts between HA1 and HA2 is also seen across the HA1-HA2 interface at the HA2 apex.
As a result of the loosening of these key restraints, the HA2 A-helix and B-loop are freed to populate at
least two structurally distinct states in the intermediate ensemble (Figure 3.2). We propose that in this
intermediate state, the A-helix and B-loop flexibility enables the released fusion peptide to sample space
and grapple to a membrane (Figure 3.6). Furthermore, the A-helix clearly adopts two structurally distinct
states in the intermediate ensemble corresponding to a slightly more dynamic, exposed but structured
fusion peptide released intermediate state and a highly exposed, unstructured fusion peptide released
intermediate state (Figures 3.2 and 3.6). The structural dynamics monitored by HDX-MS are consistent
with recent molecular dynamics simulations that indicated that during the transition to the post-fusion
helical bundle, the A-helix and B-loop are capable of sampling diverse secondary structure elements and
can become relatively unstructured [20]. The sm-FRET studies by Das et al., likewise support the
conclusion that a high degree of conformational dynamics contribute to the observed intermediate

states.
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Previously reported low-resolution cryo-ET images of HA on influenza particles at acidic pH,
were interpreted in terms of two intermediate conformations including one in which the HA stalk was
narrowed due to HA2 fusion peptide release and another in which the globular head domains had
dissociated from each other [15]. It was not clear in the past study whether the sub-tomogram averaged
states reflected the behavior of the majority of HA or a subset that was most amenable to classification
in those tomograms. Based upon cryo-ET data we gathered under conditions identical to those used for
HDX-MS, we found the HA spikes to be considerably more conformationally heterogeneous than one
might expect for two discrete states (Figures $3.9-3.10). We conclude that this is most likely due to the
flexibility and dynamic nature of key regions in the fusion machinery in HA1 as well as HA2.
Subtomogram averaging attempts to isolate different states and obtain a high-resolution model were
not successful; the small fraction of particles that could be averaged gave a low-resolution map similar
to that of Fontana et.al, but this could not be improved, again most likely due to heterogeneity amongst
the HA spikes.

The apparent structural heterogeneity of HA supports the idea that HA populates a structurally
dynamic intermediate ensemble during activation rather than one or two discrete, well-ordered
intermediate conformations. The highly dynamic nature throughout the HA spike has important
implications for efforts that might seek to target the fusion-active intermediate with inhibitors [32], and
may suggest that stabilization of the pre-fusion state or pre-fusion structural elements [33] is a more
fruitful aim than attempting to target intermediate conformations directly.

Our findings as well as the recent sm-FRET results reframe our understanding of how HA functions as a
biomechanical fusion machine. The data does not necessarily challenge the characterization of pre-
fusion HA as existing in a metastable state or the fact that in the course of mediating fusion it transitions
irreversibly to the true low-energy post-fusion state. Rather, the data now clearly indicate that the

activated forms of these fusion machines transiently populate highly dynamic ensembles of
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intermediate states that can persist for minutes prior to completing the final irreversible transition to

the stable post-fusion state.

Presentation on virions yields a more sequential HA activation pathway than in isolated HA
ectodomain

These data provide the most detailed portrait to date of a viral fusion protein intermediate state
and the traversal of fusion active HA trimers across the conformational pathway. While the conventional
view of type | fusion proteins as “mouse traps” would suggest that once triggered or destabilized, the
fusion protein will snap to the post-fusion conformation, our data demonstrate that HA on the surface
of intact virions populates an ensemble of highly dynamic intermediate states that are not observed for
soluble ectodomain. Indeed, a dramatic, two-state change is exhibited by soluble BHA ectodomain,
which does not appear to populate any discernable intermediate states, instead transitioning directly
between the pre-fusion and highly stable post-fusion state (Figures 3.4 and 3.5). This comparison of full
length HA and BHA during fusion activation underscores the significant differences in functional
behavior that result from excising the HA ectodomain from the context of the intact virion [28].
Stabilizing interactions present in full length HA in virus particles appear to encourage the formation of
the transiently populated intermediate state [9, 12, 14, 15, 34, 35]. Additional interactions include those
involving the viral membrane, HA transmembrane domain, HA cytoplasmic tail, and internal viral
components such as the M1 matrix protein are absent with soluble BHA [34, 36]. We note that by cryo-
ET, itis clear that the M1 matrix layer remains assembled and membrane-associated under the pH 5.1
conditions used in the HDX-MS pulse labeling experiments (Figure 39). Past studies have suggested an
interaction between the HA cytoplasmic tail and the matrix layer [9, 34, 35, 37-40]. These data indicate
that those interactions with an intact matrix layer could persist during activation. In addition,

trimerization of the transmembrane domain or presentation on the membrane serve as brakes on the
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HA2 C-terminal reorganization [34] These interactions borne by HA2 on the surface of influenza virions
likely regulate that sub-domain’s ability to reorganize, allowing the fusion peptides to be released and
insert into a target membrane prior to complete refolding to the post-fusion state.

Additionally, studies have suggested that there exists a long-range connection between the HA1
RBD and the HA2 fusion peptide proximal subdomain. Mutations in and around the HA2 fusion peptide
were found to significantly alter the dynamic behavior of the HA1 RBD and protomeric interface [41].
Recent studies have shown that “breathing” motions in the HA1 RBD and protomeric interface are
linked to flexibility of the HA2 fusion peptide [42, 43]. Das et al. demonstrated that receptor binding
dramatically increased dynamics in HA2 and promoted formation of a fusion peptide released state at
neutral pH [14]. We previously demonstrated that while a neutralizing antibody that binds to the HA1
subunit stabilized the pre-fusion or pre-fusion-like configuration for the trimerized HA head, its binding
did not prevent fusion peptides from being released such that they could disrupt liposomal membranes
[33]. In some circumstances, it appears that the various structural elements of the HA spike respond to
acidic pH in relatively independent rather than concerted fashion meaning HA does not function as one
cooperative unit but rather each domain does appear to be linked in some manner. While the present
data does not directly probe the allosteric linkage between spike apex and fusion peptide associated
regions, the reorganizations observed throughout the HA2 fusion peptide proximal subdomain and the

HA1 RBD indicate a concurrent if not necessarily concerted reorganization of distal regions.

Mechanistic differences between influenza subtypes

Our observations are based upon an H3N2 influenza virus strain. Different influenza virus strains
vary widely in their acid stabilities and fusion kinetics, and may exhibit different mechanisms of fusion
activation [44-47]. In the sm-FRET study, H5 HA was examined. In one notable difference, substantial

sampling of conformational states reported by the fluorescent probes in HA2 was reported even under

79



neutral pH, pre-fusion conditions. The HDX-MS data for H3 HA examined here and in past continuous
deuterium labeling experiments [12] did not show signatures of conformational sampling prior to
triggering. We do not yet understand the structural basis for these functional variations. It is not clear
how different HA’s, with varying acid stabilities, would influence or alter the mechanism of fusion
activation [44]. Our results show that, in the absence of a target membrane, the early conformational
changes in HA that produce the fusion active intermediate ensemble occur rapidly upon acidification
and that refolding to the post-fusion state is relatively slow. When a target membrane is present the
rate of formation for the intermediate is unperturbed while the transition to the post-fusion state is
rapidly accelerated, meaning formation of the fusion active intermediate is the rate limiting step for
fusion [14]. It is possible that by modulating the acid stability of its HA a virus can control when, and how
quickly fusion will occur during infection ensuring the virus does not prematurely and spontaneously
inactivate before reaching the correct subcellular location. In vitro membrane fusion experiments,
including our own, initiate fusion by rapid acidification to a single fusogenic pH [12, 14, 15, 17-19, 35,
44]. Evidence suggests that during infection, the modified endosomal acidification pathway proceeds
through distinct pH stages with varying rates of acidification between them [37, 48]. This staged
acidification pathway may have an effect on HA fusion activation or other viral components involved in
the membrane fusion process, including acidification of the viral interior by the matrix M2 proton
channel and reorganization of the matrix M1 layer [16, 35, 37, 48, 49]. It is also possible that this
stepwise acidic priming might accelerate the formation of the fusion active intermediate ensemble by
gradually increasing the dynamics across HA as the pH approaches the activation threshold.

Powerful, new complementary biophysical and structural techniques enable us to develop a
more complete mechanistic model for protein-membrane fusion in an enveloped virus. Future
experiments examining pathways of activation in other membrane fusion systems will enable us to test

the universality of fusion protein activation and function. Indeed, the time-resolved, pulse deuteration
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HDX-MS approach we employed opens the door to analysis of highly complex biological assemblies,
enabling one to probe intact functional complexes, including whole virions. As the data with influenza
virus demonstrates, investigating the complete functional system provides key insights into its behavior
that are lost when components are examined in isolation. This approach thus provides a step towards
realizing a long-standing goal of performing structural analysis of intact biological systems as they carry

out their functions.

3.4 Materials and Methods

Influenza Virus and Bromelain Released HA Purification

Purified influenza virus A X-31 A/Aichi/68 (H3N2) was purchased from Charles River Laboratories
and stored at -80°C prior to use. Virus was purified by centrifugation concentrated in HDX HBS buffer
(150 mM NaCl, 10 mM HEPES pH 7.50, and 0.02% NaNs). Whole virus HA concentration was determined
by western blotting as previously described (Figure $3.2)[33]. The soluble Bromelain released HA
ectodomain (BHA) was produced and purified from influenza virus as previously described and

concentrated in HDX HBS pH 7.50 buffer [12].

Pulse Labeling HDX of Whole Influenza Virus

For each reaction, a stock of purified influenza virus containing 4.0 ug of HA in HDX HBS pH 7.50
buffer was rapidly diluted 1:1 with HDX HBS Acidification buffer (150 mM NaCl, 10 mM HEPES, 80 mM
Citrate, and 0.02% NaNj3) to a final pH of either 5.10 or 5.25 at 37°C. Virus was acidified for 5 seconds, 15
seconds, 1 minute, 3.50 minutes, 12 minutes, 40 minutes, 2 hours, and 6 hours. Following acidification,
each reaction was rapidly pulse labeled with deuterium for 5 seconds at room temperature (22°C) by
dilution into Pulse Deuteration Buffer (25 mM Phosphate, 150 mM NaCl, 0.02% NaNs, and 85% D,0

(Cambridge Isotope Laboratories)) to a final pH* 8.0. The pulse labeling reactions were then rapidly
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guenched by dilution 1:1 with ice-cold quench buffer (200 mM TCEP [tris(2-carboxyethyl) phosphine]
and 0.2% formic acid (FA)) with 30 pug/mL of porcine pepsin (Worthington Labs) to a final pH of 2.50 and
digested on ice for 5 minutes. The labeled HA peptides were separated from intact virions by high speed
centrifugation at 25,000 rcf and 0°C for 2 minutes. The supernatant was collected and immediately flash
frozen in liquid nitrogen then stored at -80°C until analysis. Undeuterated samples were prepared
identically to the deuterated samples with water in place of D,0. A no acidification or “0 second” control
was also prepared where the acidification buffer was included with the Pulse Deuteration Buffer and
was otherwise treated identically to acidified reactions. All samples were prepared containing 0.25
ug/mL of each PPPI and PPPF tetrapeptides (AnaSpec) as internal exchange standards [50]. Pulse
labeling reactions were performed in triplicate by manual pipetting with the assistance of a metronome
to ensure consistent labeling times. Labeling consistency was verified by analyzing the PPPI and PPPF
internal exchange standards (Figure S3.3). All HDX buffers were prepared with LC-MS grade Optima
Water (Fischer Scientific). Totally deuterated (TD) samples were prepared by collecting purified peptide
eluent following reverse phase LC separation of a pepsin digested undeuterated sample. Following
evaporation of the LC elution buffer the peptides were resuspended in HDX HBS pH 7.50 Buffer,
deuterated in Pulse Deuteration Buffer for 2 hours at 37°C, and quenched and frozen as described

above.

Pulse Labeling HDX of BHA

Pulse labeling HDX of the soluble BHA ectodomain was performed identically to the whole
influenza virus reactions at pH 5.25. Samples containing 2.5 ug of BHA each were acidified to pH 5.25 at
37°C and pulse labeled with deuterium at pH 8.0 and 22°C following the same time-course outlined
above. The pulse labeled reactions were quenched by dilution 1:1 with ice-cold quench buffer (200 mM

TCEP and 0.2% FA) and immediately flash frozen in liquid nitrogen and stored at -80°C until analysis. The
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“0 second”, TD, and undeuterated samples were prepared as stated above and all reactions contained

the PPPl and PPPF tetrapeptides (AnaSpec) as internal exchange standards.

Reverse Phase Liquid Chromatography and Mass Spectrometry

Samples were thawed for 5 minutes on ice and manually injected into a Waters HDX Manager
kept at 1°C. Whole virus HA samples were trapped on a Waters ACQUITY UPLC CSH C18 VanGuard 130A,
1.7 um, 2.1 mm by 5 mm trap column for 3 minutes with a flow of solvent A [2% acetonitrile, 0.1% FA,
0.025% trifluoroacetic acid (TFA)] at a rate of 150 uL/min. BHA samples were digested online with
immobilized pepsin for 5 minutes and trapped as described previously [51]. Peptides were resolved over
a Waters ACQUITY UPLC CSH €18 130A, 1.7 pm, 1 x 100 mm column using a 10 minute linear gradient of
3% to 50% solvent B (Solvent B: 100% acetonitrile and 0.1% FA) and analyzed using a Waters Synapt G2-
Si Q-TOF with ion mobility enabled. Source and desolvation temperatures were 70°C and 130°C
respectively. The StepWave ion guide settings were tuned to prevent non-uniform gas phase proton
exchange in the source [52]. A series of trap column wash steps were implemented between each

injection to minimize carryover [53].

HDX-MS Data Analysis

Peptic HA peptides were identified previously [12]. For glycopeptides only the most abundant
glycoforms were examined. lon mobility and LC retention time filtered spectra were extracted from the
raw MS files using CDCReader [54]. Spectra were analyzed using HXExpress V2 with binomial fitting and
bimodal deconvolution [25, 55]. Fitting with more than one binomial distribution was only performed
when a single binomial was not sufficient to encompass the mass envelope and the two populations
could be separated with confidence. The relative areas of each population were plotted as a function of

time in acidification buffer to track the kinetics of each structural transition. When necessary, the “0
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second” neutral pH, or Pre-Fusion, control HDX population was used as a fitting constraint for bimodal
deconvolution. In cases where a bimodal distribution is indicated by broadened isotopic distributions,
but cannot be deconvoluted with confidence, peak width analysis was used to support the population
analysis [56]. Peptides showing more than 10% chromatographic carryover were not used for bimodal
deconvolution. Peptides whose signal intensity dropped significantly over the course of the acidification
reaction, presumably due to the formation of the proteolytically resistant post fusion HA2 structure,

were also excluded from bimodal analysis. HDX quality data can be found in Table S3.2.

Cryo-Electron Tomography

Purified influenza virus in HBS pH 7.50 buffer was rapidly diluted 1:1 with HBS acidification
buffer (150 mM NaCl, 10 mM HEPES, 80 mM Citrate, and 0.02% NaNs) to a final pH of 5.10 at 37°C and
incubated for 1 minute. BSA gold beads (10nm) were then added to sample. Using a Vitrobot Mark IV
(FEI Co.), 3l of this sample was applied to C-flat 2/2 200mesh grid, blotted and plunge frozen in liquid
ethane. Frozen grids were imaged using a 300kV Titan Krios with a Gatan K2 direct electron detector. Tilt
series were collected from -482 to +482 with a 32 step size at a magnification of 53000X which
corresponds to 2.58 A/pixel. The total dose per tilt-series was ~64 electrons/ A2. Thirty tilt-series were
collected and further processed.

Tilt-series image frames were corrected for electron beam-induced motion using motioncor2
[57]. These were then processed for tomogram generation using batch tomography in IMOD using
standard procedures [58]. Briefly, the tilt-series images were aligned using the gold bead markers. The
aligned images were then reconstructed to give a 3D volume using weighted back-projection. The final

tomograms were rotated, binned and low pass-filtered for visualization using IMOD and ImageJ [59, 60].

Statistical Analysis
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Whole virus HDX-MS experiments were performed in triplicate. The mean and standard
deviations of these replicates were used to determine the significance of changes in a peptides
deuteration level or population fractions when bimodal distributions were present. When bimodal
distributions were present but could not be resolved into clear isotopic distributions the peak width and
deuterium uptake values of the beginning and end points of the reaction were used to calculate the

population shift.
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3.5 Figures and Tables
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Figure 3.1. Monitoring HA’s Structure and the Low pH Induced Reorganization by Pulse Labeling HDX-
MS.

(A) Core HA structural features and regions colored and mapped onto a single HA heterodimer protomer
(A)(HA numbering according to Wilson, 1981)(PDB: 2HMG)[5]. (B) Comparison of the pre- and post-
fusion crystal structures for the HA ectodomain reveals the dramatic structural reorganization that
occurs in HA2 following activation by low pH, currently the structure of HA1 in the post-fusion state is
unknown (PDB: 2HMG and 1QU1). (C) Schematic depicting pulse labeling HDX-MS of whole infectious
H3N2 X-31 virions. Cartoon model of HA fusion activation during pulse labeling with amide hydrogens
(blue spheres) exchanging with deuterium (red spheres).
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Figure 3.2. Formation of a Dynamic Intermediate Ensemble in Full Length HA.

Fusion subunit triggering and reorganization of the HA1 RBD interface directly result in formation of a
dynamic fusion active intermediate state in HA2. (A) The HA2 A-helix and B-loop segments are
highlighted on ribbon diagrams for the pre-fusion (top PDB:3HMG) and post-fusion (bottom PDB:1QU1)
crystal structures. (B) The HA2 A-helix (segment 1) adopts a relatively unstructured intermediate state
(red spectral envelope) following acid activation that is distinct from the pre-fusion (grey) and post-
fusion (light blue) helical states. The neutral pH pre-fusion conformation is tracked by the centroid
(green vertical line). The presence of a fourth coexisting state by 3.5 min that is slightly more exposed
than the neutral pH pre-fusion state is denoted by the orange envelopes. Formation of the post-fusion
helical bundle is indicated by the formation of the low m/z, minimally deuterated population that
increases in relative abundance over time (light blue). The HA2 B-loop (segment 2) likewise reveals the
formation of a highly exposed, dynamic intermediate state (red envelopes) on the same timescale as the
A-helix. Undeuterated (UN) and totally deuterated (TD) controls are shown for each peptide. The red
horizontal bar in each spectra corresponds to the distribution width and the magenta curve above each
spectra displays the summation of each binomial fit. (C) Schematic illustrating the nature of the dynamic
intermediate ensemble.
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Figure 3.3. Concurrent fusion subunit triggering and HA1 RBD interface reorganization in full length
HA.

(A) N-terminal HA1 peptides between HA1 and the HA2 fusion domain (Peptide 1 — F’ region) display a
transition to a more exposed state (orange envelope and traces) soon after acidification indicative of a
loss of quaternary contacts. The HA1 hinge region (Peptide 2 — hinge and F’ region), which forms
guaternary contacts with the HA2 fusion domain, displays two distinct structural changes with the first
corresponding to a loosening of the HA1-HA2 quaternary contacts (orange) and the second to unfolding
of the HA1 globular head (purple). The HA1 RBD interface (Peptide 3 — HA1-HA1 trimeric interface)
transitions to a more exposed state on the same time scale as the fusion peptide release event.
Undeuterated (UN) and totally deuterated (TD) controls are shown for each peptide. The red horizontal
bar in each spectra corresponds to the distribution width and the magenta curve above each spectra
displays the summation of each binomial fit. (B) Peptide segments highlighted in 1-3 mapped onto
ribbon diagram (PDB: 3HMG). Error bars indicate standard deviations from triplicate measurements.
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Figure 3.4. Global kinetic comparison and pH dependence of HA fusion activation for full length HA.

The specific pH of activation did not alter the nature (A,B) or sequence of any observed structural
changes in full length HA but simply accelerated the onset and rate of change of each conformational
event (C,D). Conformational transitions that take place before 3.5 minutes are colored in orange. The
last transition reported by HA1 peptides is to a largely unfolded, highly flexible state which begins at 3.5
minutes (purple; C,D and E,F). Formation of the post-fusion helical bundle in full-length HA is delayed
due to formation of the intermediate state (A-D blue peptides and traces).
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Figure 3.5. The soluble BHA ectodomain transitions directly to the post-fusion state following acid

activation.

(A) Activation of the soluble BHA ectodomain at pH 5.25 reveals that fusion peptide release (segment 1)
and reorganization of the HA1 RBD interface (segment 2) occur similarly to full length HA. However,
both the HA2 A-Helix and B-Loop display a rapid transition from the pre-fusion state directly to the post-
fusion state upon acid activation with no observable intermediate state (A-Helix segment 3 and B-Loop
segment 4). The A-Helix is fit with a single binomial and the centroid of the 0 Second Pre-Fusion state
(green line) is plotted for comparison with the centroid of each time point (blue line). Undeuterated
(UN) and totally deuterated (TD) controls are shown for each peptide. The red horizontal bar in each
spectra corresponds to the distribution width and the magenta curve above each spectra displays the
summation of each binomial fit. (B) Peptide segments highlighted in 1-4 mapped onto ribbon diagram

(PDB: 3HMG).
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Figure 3.6. Proposed model for HA fusion activation.

Full length HA on whole influenza activates in response to low pH conditions with (1) concurrent
reorganization of the HA2 fusion domain and HA1 RBD interface resulting in formation of a dynamic,
fusion peptide released, intermediate state. This intermediate state is not a single discrete or static
state, but rather a dynamic intermediate ensemble where the exposed fusion peptide is sampling
conformational space in search of the target membrane (2-3). In the dynamic intermediate ensemble,
the HA2 fusion peptide proximal subdomain is structurally dynamic. Formation of the extended helical
intermediate (4) and the subsequent refolding to the post-fusion state (5) in the absence of a target
membrane is a relatively slow process for the majority of HA’s. Finally, HA1 unfolds after extended
exposure to low pH.
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X-31 Influenza Virus H3 HA Peptide Coverage For HDX-MS
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Figure S3.1. HDX-MS Peptide Coverage Map Displaying Unique Peptides.

Nearly complete coverage of HA1 was obtained for all conditions. Only unique peptides where HDX-MS data
was monitored in acidic conditions are shown here, an abundance of overlapping non-unique peptides were also
identified and analyzed to confirm changes observed throughout HA1. Coverage of HA2 was limited, however
we were able to monitor the most critical conformationally relevant peptides throughout the time course. The
limited coverage throughout HA2 is attributed to protease resistance and steric occlusion from high HA density
on virions. Peptide coverage shown here corresponds to Whole Virus samples at pH 5.10 and 5.25 as well as BHA
at pH 5.25. Coverage map made using MSTools (61).
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Figure S3.2. Western Blot Analysis of Whole Virus HA and BHA.

A concentration series of BHA and Whole X-31 H3N2 virions was analyzed by western blotting. The
concentration of HA in whole virus samples was determined using the BHA concentration series. All HA present
in whole virus and BHA samples was determined to be correctly cleaved into HA1 and HAO.
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Figure S3.3. Internal PPPI Pulse Standard.
Internal pulse standard peptide PPPI relative deuterium uptake.
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Whole Virus HA pH 5.10
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Figure S3.4. Peak Width Analysis of Whole Virus HA Fusion Peptide at pH 5.10.

The HA2 N-terminal fusion peptide displays complex multimodal behavior and precludes analysis by binomial
fitting and bimodal deconvolution. Using peak width analysis the fusion peptide displays a clear increase and
subsequent decrease in peak width in line with reorganization of the HA2 N-terminal fusion domain and the
formation of the post fusion state. The fusion peptide appears protected at neutral pH, as previously observed,
and becomes more exposed rapidly following acid activation (12). Aggregation at the fusion peptide and
insertion into the membrane is known to occur and likely contributes to the data analysis limitations.
Undeuterated (UN) and totally deuterated (TD) controls are shown.
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Whole Virus HA pH 5.10
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Figure S3.5. Reorganization along the HA1-HA2 Quaternary Interface and HA1-HA1 Protomeric Interface
Precedes Late Stage Unfolding of HA1 RBD Subunit.

Peptide segments spanning the HA1-HA2 quaternary interface and HA1-HA1 protomeric interface transition to a
uniform more exposed state by 1 minute at pH 5.1 (A and B - orange). The HA1 peptide in (A — peptide
highlighted in blue in B) is fit with a single binomial equation; the changes in deuterium uptake and envelope
width correspond to the two structural transitions experienced by these quaternary interface peptides
(distribution width as number of amides reported for each time point along with indication of a unimodal or
bimodal distribution). Between 15 seconds and 1 minute these peptides display both an increase in deuterium
uptake and a narrowing of the mass envelope indicating a transition to a more uniform more exposed state.
Comparing the centroid of the neutral pH pre-fusion control (green dashed line) to that in each time point (blue
line) highlights the change in structure that occurs at 1 minute. Subsequently, starting at 3.5 minutes these
peptides begin to transition to an unfolded state, as shown by the increase in deuterium uptake and further shift
in the centroid. All HA1 peptides where conformational transitions are observed between 5 seconds and 1
minute post acidification are colored in orange (B) to highlight that these peptides span nearly the entire HA1-
HA2 and HA1-HA1 quaternary interface. The HA1 peptides that have no quaternary contacts with HA2 only
experience late stage unfolding (C - purple) as indicated by a transition to a totally deuterated state (TD)(D -
peptide highlighted in red in C). Undeuterated (UN) and totally deuterated (TD) controls are shown for each
peptide. The red horizontal bar in each spectra corresponds to the distribution width and the magenta curve
above each spectra displays the summation of each binomial fit.
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Figure S3.6. Peptides Throughout HA Report Similar Structural Changes at pH 5.1.

(A) Peptides throughout HA1 display structural changes predominantly corresponding to the late stage unfolding
event (segments 2-5). Peptides with strong secondary structure often do not fully transition to an unfolded
state (segment 3). Peptides along the HA1-HA2 quaternary interface with little initial secondary structure only
report on the early structural reorganizations associated with fusion peptide release (segments 1 and 6). The
pre-fusion state is shown in grey for each peptide and the terminal (post-fusion) state is shown as either orange
(completed by 3.5 minutes) or purple (beginning at 3.5 minutes). Undeuterated (UN) and totally deuterated (TD)
controls are shown for each peptide. The red horizontal bar in each spectra corresponds to the distribution
width and the magenta curve above each spectra displays the summation of each binomial fit. Red highlights in
peptide sequences indicate glycosylation site where most abundant glycoform was used for analysis. (B) Peptide
segments mapped onto ribbon diagrams (1-3 top, 4-6 bottom)(PDB: 3HMG).
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Figure S3.7. Formation of a Dynamic Intermediate at pH 5.25.

Analysis of the HA2 B-loop at pH 5.25 reveals the formation of a dynamic intermediate state, as observed at pH
5.1. A higher pH of activation resulted in decreased abundance of the intermediate state but had no effect on
the nature of the structural changes. Undeuterated (UN) and totally deuterated (TD) controls are shown. The
red horizontal bar in each spectra corresponds to the distribution width and the magenta curve above each
spectra displays the summation of each binomial fit.
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Figure S3.8. Global kinetic analysis of BHA peptides.
Global kinetic analysis of all BHA peptides revealed a rapid and direct transition from the pre- to post-fusion

state with no observable intermediate state (A and B) (orange highlights and traces). The onset and kinetics of
fusion subunit triggering (A) and globular head unfolding (purple highlights and traces) (C) were similar for BHA
and full-length HA at pH 5.25, however BHA transitioned directly to the post-fusion state.
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Figure S3.9. Cryo-Electron tomography reveals fusion active HA’s conformational heterogeneity.

Direct visualization of influenza virions at pH 7.5 (top A-C) and pH 5.1 (bottom D-F) by cryo-ET reveals how
limited exposure to low pH conditions (1 minute) results in widespread conformational heterogeneity in HA.
Pre-fusion HA (orange arrows) are well resolved throughout all imaged virions (Enlarged selections beneath each
image). (D-F) Acid-activated HA (white arrows) adopts a range of conformations as seen through side and top
views. Although there is considerable heterogeneity, elongated ‘post-fusion like’” and well-resolved ‘pre-fusion
like’ HA spikes can be identified at pH 5.1 (white arrows D,E). Comparing top down views of HA at neutral and
acidic pH (C and F) reveal a loss of homogeneity and symmetry in the head. (Scale bar = 150 pixels or 38.7 nm).
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Figure $3.10. Whole field cryo-electron tomograms of influenza virus at pH 7.5 and 5.1.
HA in the pre-fusion conformation decorates the surface of influenza virus at pH 7.5 (A). At pH 5.1 (B) after 1

minute HA is seen as conformationally heterogenous, with some HA resembling the pre-fusion state while
others appear wholly disordered. (Scale bar = 100 pixels or 28.7 nm).
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Early Late Unfolding Fusion HA1-HA2 HA1 Unfolding
Changing (3.5 Minutes — 6 Subunit Quaternary | Interface | Only
(5 Seconds — Hours) Triggering Contact
3.5 Minutes)
HA1
F' Domain
N-terminal
113 | X X X
26-33 | x X X
34-42 | x X X
E' Domain
(Hinge)
43-63 | x X
67-78
79-86
87-93 | x X
94-108 | x X
109-120 X
Globular
Head
125-147
(RBS)
148-153
152-174 | x X X
175-194 | x X X
(RBS)
HA1-HA1
Interface
212-228 | x X
212-232 | x X
(RBS)
Globular
Head
233-243 | x X
244-258
252-258
257-268 | x X
F' Domain
C-terminal
269-277
281-316 | x X
315-328 | X | | X X

Table S3.1. HA1 peptide conformational changes.
All unique HA1 peptides organized by structural region and their respective conformational changes. Peptides
where structural transitions were observed between 5 seconds and 3.5 minutes post-acidification (timing
relative to pH 5.10 condition) are marked as “Early Changing” and colored orange to correspond to Figure 4

coloring. Peptides where late stage unfolding was observed are colored purple to correspond to Figure 4

coloring.
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Whole Virus pH 5.10

Whole Virus pH 5.25

0 Second 0 Second
BHA pH 5.25
0 Second
Average Average Average Back
Deuterium | Standard Deuterium | Standard Deuterium Exchange
m/z Start | End | Peptide Sequence | Length | Uptake Deviation | Uptake Deviation | Uptake (%)
1549.13 1 13 QDLPGNDNSTAT
L 12 5.72 0.15 5.67 0.14 5.38 8.68
919.47 26 33 VKTITDDQ 7 1.48 0.02 1.45 0.06 Not Found 26.06
460.24 26 33 VKTITDDQ 7 1.40 0.07 1.51 0.04 0.77 28.97
1167.50 | 33 42 QIEVTNATEL 9 Not Found | Not Found | Not Found | Not Found | 1.94 14.54
110347 | 34 42 IEVTNATEL 8 2.44 0.03 2.37 0.17 1.66 2.01
1127.56 | 43 63 VQSSSTGKICNN
PHRILDGID 20 Not Found | Not Found | Not Found | Not Found | 2.98 37.34
752.04 43 63 VQSSSTGKICNN
PHRILDGID 20 4.74 0.08 4.71 0.15 3.01 31.07
564.28 43 63 VQSSSTGKICNN
PHRILDGID 20 4.64 0.07 4.71 0.26 2.98 30.57
634.30 67 78 IDALLGDPHCDV | 11 1.70 0.04 1.73 0.02 1.22 46.65
HA1 | 855.37 71 78 LGDPHCDV 7 1.50 0.08 1.63 0.07 Not Found 54.85
1008.73 | 79 86 FQNETWDL 7 2.83 0.02 2.89 0.04 Not Found 7.53
418.73 87 93 FVERSKA 6 1.83 0.11 1.87 0.00 1.35 21.54
836.46 87 93 FVERSKA 6 1.75 0.05 1.74 0.05 1.29 23.30
767.34 87 105 | FVERSKAFSNCY
PYDVPDY 18 4.48 0.09 4.53 0.27 3.14 38.63
808.71 88 108 | VERSKAFSNCYP
YDVPDYASL 20 Not Found | Not Found | Not Found | Not Found | 4.29 30.78
877.37 94 108 | FSNCYPYDVPDY
ASL 14 3.48 0.07 3.49 0.16 Not Found 31.05
741.79 94 105 | FSNCYPYDVPDY | 11 2.03 0.04 Not Found | Not Found | Not Found 38.68
560.30 109 119 | RSLVASSGTLE 10 1.28 0.02 1.22 0.01 0.33 21.16
1119.60 109 119 | RSLVASSGTLE 10 1.27 0.05 1.20 0.01 21.35
633.83 109 120 | RSLVASSGTLEF | 11 1.20 0.02 1.17 0.01 15.40
566.28 120 124 | FITEG 4 1.10 0.03 1.16 0.08 0.99 28.31
1165.04 125 147 | FTWTGVTQNGG
SNACKRGPGSG
F 22 9.48 0.10 9.55 0.21 8.92 25.34
454.72 139 147 | CKRGPGSGF 8 3.49 0.04 3.54 0.01 3.47 25.68
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522.30 148 151 | FSRL 3 0.38 0.00 0.41 0.01 0.13 9.25
411.71 148 153 | FSRLNW 5 0.76 0.04 0.75 0.02 0.24 18.21
830.42 148 161 | FSRLNWLTKSGS

TY 13 3.58 0.03 Not Found | Not Found | Not Found No TD
1205.28 148 174 | FSRLNWLTKSGS

TYPVLNVTMPNN

DNF 26 7.92 0.05 7.87 0.06 6.56 No TD
578.78 152 161 | NWLTKSGSTY 9 2.90 0.06 2.89 0.03 2.51 23.53
1438.94 152 174 | NWLTKSGSTYPV

LNVTMPNNDNF 22 7.28 0.14 7.39 0.26 6.47 15.09
1589.14 162 174 | PVLNVTMPNNDN

F 12 4.24 0.09 4.30 0.09 Not Found 5.10
789.72 175 194 | DKLYIWGIHHPST

NQEQTSL 19 5.03 0.07 5.03 0.14 1.76 20.54
670.99 178 194 | YIWGIHHPSTNQ

EQTSL 16 3.10 0.06 3.12 0.07 1.87 34.03
1005.98 178 194 | YIWGIHHPSTNQ

EQTSL 16 3.04 0.06 3.03 0.08 1.78 33.69
927.02 212 228 | TIPNIGSRPWVR

GLSS 16 5.50 0.14 Not Found | Not Found | Not Found 14.31
618.35 212 228 | TIIPNIGSRPWVR

GLSS 16 5.45 0.13 5.54 0.29 4.75 13.77
774.78 212 232 | TIPNIGSRPWVR

GLSSRISI 20 5.81 0.17 5.60 0.08 4.80 34.72
645.85 233 243 | YWTIVKPGDVL 10 1.25 0.10 1.38 0.19 0.61 19.43
564.32 234 243 | WTIVKPGDVL 9 1.26 0.10 1.35 0.18 Not Found 18.91
840.52 236 243 | IVKPGDVL 7 0.83 0.12 0.92 0.15 Not Found 21.97
420.76 236 243 | IVKPGDVL 7 0.84 0.05 0.88 0.09 0.29 22.74
830.44 244 251 | VINSNGNL 7 1.11 0.04 1.16 0.05 Not Found 30.02
817.93 244 258 | VINSNGNLIAPRG

YF 14 1.93 0.05 1.91 0.06 0.54 28.61
412.22 252 258 | IAPRGYF 6 0.87 0.02 0.84 0.02 Not Found 9.96
823.45 252 258 | IAPRGYF 6 0.79 0.02 0.73 0.04 0.19 11.00
648.35 252 268 | IAPRGYFKMRTG

KSSIM 16 Not Found Not Found | Not Found Not Found | 2.06 No TD
483.58 257 268 | YFKMRTGKSSIM | 11 2.65 0.05 2.57 0.04 Not Found 26.39
724.87 257 268 | YFKMRTGKSSIM | 11 2.53 0.03 2.51 0.04 Not Found 26.33
643.34 258 268 | FKMRTGKSSIM 10 2.60 0.01 2.57 0.02 Not Found 25.99
380.20 259 268 | KMRTGKSSIM 9 2.62 0.14 2.53 0.01 Not Found 26.85
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569.80 259 268 | KMRTGKSSIM 9 2.20 0.17 2.55 0.03 1.87 26.71

977.44 269 277 | RSDAPIDTC 8 1.34 0.00 1.36 0.07 0.74 36.09
1387.65 | 281 316 | CITPNGSIPNDKP
FQNVNKITYGAC

PKYVKQNTLKL 35 6.79 0.07 7.03 0.52 Not Found 17.94
1372.85 | 281 328 | CITPNGSIPNDKP
FQNVNKITYGAC
PKYVKQNTLKLA

TGMRNVPEKQT | 47 Not Found | Not Found | Not Found | Not Found | 8.30 No TD
524.95 315 328 | KLATGMRNVPEK

QT 13 3.98 0.25 3.72 0.00 2.88 17.88
666.34 317 328 | ATGMRNVPEKQ

T 11 3.76 0.24 3.53 0.07 18.70

BHA pH 5.25
0 Second
Average Average Average Back
Deuterium | Standard | Deuterium | Standard Deuterium Exchange

m/z Start | End | Peptide Sequence | Length | Uptake Deviation | Uptake Deviation | Uptake (%)

852.46 1 9 GLFGAIAGF 8 0.97 0.03 1.01 0.07 0.25 23.55
YGFRHQNSEGT

617.61 22 38 GQAADL 16 5.20 0.12 5.16 0.11 3.64 37.29
KSTQAAIDQINGK

743.91 39 52 L 13 2.18 0.02 2.16 0.06 1.54 17.24
HA2 NRVIEKTNEKFH

714.71 53 69 QIEKE 16 6.20 0.12 6.35 0.32 5.14 16.68

681.88 119 128 | FEKTRRQLRE 9 0.99 0.07 0.94 0.03 0.22 23.41

516.61 119 130 | FEKTRRQLRENA | 11 1.33 0.03 1.29 0.05 Not Found 21.68
FEKTRRQLRENA

801.04 119 138 | EDMGNGCF 19 1.94 0.03 1.93 0.02 Not Found 24.20

597.77 139 148 | KIYHKCDNAC 9 2.28 0.03 2.55 0.10 1.78 50.12

Average Length Redundancy Average Back Exchange (%)
12.83 1.76 24.26

Table $3.2. HDX Data Quality.

HDX data quality for all analyzed peptides. Peptides where multiple charge states were analyzed are included in the table as individual entries. The average
deuterium uptake values and standard deviations for the 0 Second time points are included for all conditions. Peptides marked “Not Found” indicate where
the corresponding ion was found but displayed weak intensity, overlapping ions, or significant signal loss in one or more time points.
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Chapter 4: Strain Specific Mechanisms of HA Fusion Activation and an Improved
Pulse Labeling HDX-MS Workflow

4.1 Introduction

Influenza HA serves as an invaluable model system for studying the mechanism of fusion
activation and protein mediated membrane fusion. It is unclear, however, whether the mechanistic
models derived from the study of the HA described in the previous chapters (a subtype H3 HA in the
pulse labeling HDX-MS study and H5 in the sm-FRET study presented by Das et al.) are directly
generalizable across all HA subtypes that exhibit different pH sensitivities and overall stability, or to
other class | fusion proteins that are triggered by different signals [1-4]. Different influenza virus strains
vary widely in their acid stabilities and fusion kinetics, and may exhibit different mechanisms of fusion
activation [5-13]. Evidence suggests that even in the pre-fusion neutral pH conformation, different HAs
can vary in their conformational and structural dynamics [1, 2, 14]. For example, in all of our HDX-MS
experiments (both pulse and continuous labeling) with an H3 and H1 subtype HA we found no evidence
of multiple conformations in the pre-fusion state at neutral pH [1, 2, 14] (Garcia et al. Unpublished
Data). However, by sm-FRET Das et al. were able to detect multiple interconverting populations at
neutral pH [1]. While the location and size of the fluorescent tag may have contributed to these
conformational dynamics, our HDX-MS data suggests that the pre-fusion dynamics can vary significantly
for different HAs. Currently we do not fully understand the structural basis for these, and other,
functional variations and how they manifest mechanistically during fusion activation. We aim to further
optimize our pulse labeling HDX-MS workflow to serve as a broadly applicable method for studying
strain specific differences in HA’s mechanism of fusion activation and monitoring the complete series of

fusogenic conformational changes in HA during fusion with a target membrane.

Modulating HAs Acid Stability is an Adaptive Mechanism
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Once activated by low pH, HA mediated membrane fusion occurs rapidly [1, 3, 6, 15]. Evidence
suggests that the low pH induced activation of HA, and formation of a fusion active intermediate state
capable of engaging the target membrane, is the rate limiting step in the fusion reaction [1, 2, 16]. Once
HA engages the target membrane, the reorganization to the post-fusion state and fusion of the viral and
host membranes occurs rapidly [1]. Thus, HA’s acid stability is a primary factor in controlling when
fusion, and the transfer of the viral genome and replication machinery into the cytosol, occurs during an
infection [3, 5-13, 15, 17, 18]. The timing of the genome transfer is important for maximizing the
chances of a successful infection; delivery of the genome too early or too late during endosomal
trafficking can limit the likelihood that the genome will be transferred to the nucleus without incident
[6-10, 13, 18-22].

Differences in HA's acid stability, along with receptor binding specificity, are strongly linked to
virulence and host tropism [5-13, 18, 20, 23-25]. For example, HAs from highly pathogenic avian
influenza viruses (HPAIs) are less acid stable and activate at higher pHs (pH 5.3 — 5.9) compared to the
seasonal human pathogenic circulating strains (pH 5.0) [5-13, 20, 24, 25]. Zoonotic transmission events
are often associated with changes, resulting from antigenic shift and antigenic drift, in HA’s receptor
binding specificity and acid stability [5-11, 13, 18, 20, 23-28]. For example, the 2009 pandemic HIN1
(A/California/7/2009 — H1IN1pdm) strain becomes activated at pH 5.4 whereas a later strain
(A/Brisbane/10/2010) that evolved from H1IN1pdm is more acid stable and fuses at pH 5.0 [7, 11, 12,
26]. The difference in acid stability was attributed to a single amino acid mutation in HA2, E47K, which
forms a stabilizing salt bridge with a highly conserved residue in HA1 (E21) [7, 11]. When this mutation
was introduced in HIN1pdm Cal/09 HA the virus became more infectious and virulent in ferrets [7].
Mutations that affect HA's acid stability have been associated with increased virulence in mouse models
for H1, H3, and H7 influenza viruses [8, 13, 18]. Similarly, mutations that lowered the pH activation

threshold for a HPAI H5N1 strain below pH 5.6 were associated with decreased infectivity and virulence;

118



further supporting the idea that HA's acid stability is directly linked to host-tropism and virulence [8, 10,
13, 25, 27-30]. When clinical isolates of a human pathogenic H3N2 influenza virus (Brisbane/07) were
compared to lab adapted H3N2 strains (H3N2 X-31 and Udorn) it was found that HA from the clinical
isolate was more acid stable than its lab adapted counterparts [6]. Typically, a virus’ fusion efficiency is
highly dependent on pH, increasing in efficiency from the pH where fusion is first observed, peaking at
an optimal pH, and then sharply decreasing as fusion is outcompeted by the rapid acid inactivation of HA
[8, 31]. However, the Brisbane/07 H3N2 isolate displayed no such dependence and was equally fusion
efficient at the first pH where fusion was observed (pH 5.5) as the lowest pH conditions tested (pH 4.5)
[6]. The authors concluded that strains such as Brisbane/07 have adapted to fuse under an extended pH
range with constant, albeit low, efficiency so that infection may occur under broader conditions;
whereas, the lab adapted strains have evolved to infect and fuse with high efficiency under limited and
specific conditions [6, 9, 17, 32]. Similar adaptations have been seen in the H1IN1 PR8 strain that has
been adapted for laboratory growth [17]. While the structural basis for how mutations such as E47K in
H1N1pdm Cal/09 and Brisbane/10 can be easily rationalized from high-resolution structural information,
we do not yet understand how these stabilizing or destabilizing mutations impact the mechanism of
fusion activation [7, 11, 12, 26, 28, 30, 33, 34]. It is possible that mutations in and around the fusion
peptide pocket in the core of HA2 destabilize the sequestered fusion peptide resulting in fusion peptide
release at elevated pHs [25, 27-30, 33-36]. Similarly, mutations in and around ionizable residues
throughout HA1 may function to destabilize the globular head interface or HA1-HA2 interface [27-30,
33-35, 37]. These critical, and often highly conserved, residues are thought to function as pH sensors
throughout HA and regulate HA’s fusion activation [28-30, 33, 36]. Changes in the residues themselves,
or local environment, can dramatically alter the acid stability of HA [30, 33]. However, it is not clear
whether mutations that destabilize the fusion peptide or globular head interface shift the mechanism of

fusion activation towards either a HA1 uncaging or fusion peptide release mechanism.
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We seek to understand how HAs mechanism of fusion activation differs amongst diverse strains
of influenza A virus. Furthermore, optimization of the previously described pulse labeling HDX-MS
workflow should enable us to monitor all stages of HA’s conformational changes including HA2s C-
terminal reorganization and asymmetric fold-back that occurs as HA reorganizes from the extended

helical intermediate to the six-helix bundle post-fusion state [4, 38].

4.2 Results and Discussion

Strain Specific Mechanisms of HA Fusion Activation

Our previous studies have focused on characterizing the mechanism of HA fusion activation
using the X-31 H3N2 strain which has been heavily adapted for laboratory use and extensively studied.
As previously discussed, X-31 influenza membrane fusion efficiency is strongly dependent on pH and has
adapted its fusogenic properties for growth in chicken eggs and tissue culture [6, 9, 14]. It is well known
that HAs from different subtypes or groups have markedly different acid stabilities [1, 5-11, 13, 14, 17,
18, 20, 24, 25, 27-30, 33-36]. Preliminary HDX-MS data indicates H3 HA from X-31 and H1 HA from H1N1
PR8 respond to acidic conditions approaching fusion activation differently [14] (Garcia et al. Unpublished
Data). Garcia et al. showed that under mildly acidic pHs approaching fusion activation H3 HA displayed
polarized dynamic changes across the globular head and fusion peptide proximal subdomain. This data
suggested that as you approach fusion activation the HA1-HA1 protomeric interface becomes bolstered
whereas the fusion peptide and fusion peptide proximal subdomain become more dynamic. The authors
concluded that these dynamic changes suggest X-31 HA is primed for activation through a fusion peptide
release mechanism [14]. Using the same approach, Garcia et al. observed increased dynamics
throughout HA in H1 HA from H1IN1 PR8 (Garcia et al. Unpublished Data). These strain specific dynamic
changes suggest that HAs from different strains may activate in different ways. Thus, we sought to

characterize the mechanism of fusion activation for HIN1 PR8 influenza virus.
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In order to characterize the mechanism of fusion activation by pulse labeling HDX-MS we first
had to characterize the membrane fusion efficiency and pH dependence of HIN1 PR8 so that the
conditions used during activation are analogous to those used for X-31 [2, 14]. Using a fluorescence
dequenching membrane fusion assay we can monitor fusion peptide release and membrane fusion as
previously described [14, 39-42]. When the HA fusion peptide is released from sequestration it induces
leakage in synthetic liposomes containing a hydrophilic fluorescent dye, SRB, under self-quenching
concentrations. As the fusion peptide disrupts the target membrane SRB is released and becomes de-
quenched (Figure 4.1 A and B) [14, 39-41]. As the membrane fusion reaction proceeds and the viral and
liposomal membranes begin to merge, the hydrophobic dye contained within the viral membrane
diffuses into the newly merged membranes and becomes de-quenched thus reporting on membrane
fusion (Figure 4.1 C and D) [14, 39-41].

We found that HIN1 PR8 was overall less fusogenic than H3N2 X-31 and becomes activated at a
higher pH [14]. Previous experiments suggested that HIN1 PR8 HA is prone to rapid acid inactivation at
low pH conditions approaching pH 5.0 (Unpublished Data). Compared to X-31, we did not observe as
strong a dependence on pH for HIN1 PR8'’s fusion efficiency likely related to PR8’s overall low fusion
efficiency [14]. From pH 5.6 to pH 5.4 there was a relatively constant increase in the rate and extent of
liposomal disruption and membrane fusion (Figure 4.1). At pH 5.3 and below we observed a
comparatively sharp increase in the rate and extent of membrane fusion (Figure 4.1 C and D). At pH 5.0
both the rate and extent of liposome disruption and membrane fusion increased dramatically compared
to any other condition (Figure 4.1). Based on these results we carried out preliminary pulse labeling
HDX-MS experiments using HIN1 PR8 influenza virus at pH 5.10 at 37°C in order to assess the kinetics of
HA fusion activation and determine the optimal time course and pH conditions to use in future

experiments.
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Pulse labeling HDX-MS of HIN1 PR8 influenza virus was performed exactly as described in
Chapter 3 [2]. The relative concentration of HA on the viral surface was determined by SDS-PAGE using a
soluble HA ectodomain construct expressed in and purified from mammalian cells. We focused our
analysis on key reporter peptides in HA1 and HA2 including the HA1 F' domain and “30-loop”, HA1-HA1
protomeric interface, and HA2 A-helix and B-loop. Based on the fluorescence data we expected HA from
H1N1 PR8 to activate earlier and transition to the post-fusion state faster than H3 HA from X-31.
Surprisingly, in our initial pulse labeling HDX-MS experiments at pH 5.10 we failed to capture any of the
fusogenic conformational changes in HIN1 PR8 HA. N- and C-terminal HA1 peptides in the F* domain
remained largely unchanged in the early time points and displayed a partial transition to an unfolded
state in late time points, suggesting that our conditions may have triggered HA too quickly. Our
fluorescence data indicated that at 37°C PR8 HA can spontaneously trigger at neutral pH resulting in
release of the HA2 fusion peptide and disruption of the liposomal membrane (data not shown). Based
on these results, we aim to perform future pulse labeling HDX-MS experiments on PR8 influenza virus at
pH 5.4 and room temperature so that the conformational changes occur on a tractable timescale.
Furthermore, the overall signal intensity from peptides throughout HA in the preliminary pulse labeling
HDX-MS experiments was lower compared to X-31 HA for samples containing the same amount of HA.
Future experiments will be performed using a newly optimized detergent solubilization step during the
HDX-MS workflow that increases pepsin digestion efficiency for all conformational states of HA

(described in detail below).

Detergent Solubilization of HA Enables Complete Monitoring of HA’s Conformational Changes
Thus far our pulse labeling HDX-MS approach has enabled us to monitor conformational
changes throughout HA for the fusion peptide release and HA1 head opening events, formation of the

dynamic intermediate state, and the transition to the protected post-fusion like state [2]. However,
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currently we are unable to definitively assign the highly protected terminal state we see in the HA2 A-
helix and B-loop to the extended helical intermediate or true post-fusion six-helix bundle state [1, 2, 4].
Our peptide coverage throughout HA2 was limited, preventing us from observing conformational
changes in the C-terminal domain of HA2 including the C-terminal helix-to-loop reorganization and the
“leash in the groove” fold back that occurs as HA2 reorganizes from the extended helical intermediate to
the six-helix bundle post-fusion state [1, 2, 4, 38, 43-45]. Recently, single particle cryo-EM analysis of the
acid activated HA ectodomain indicated that the C-terminal reorganization of HA2 occurs after the
extended helical intermediate is formed [4]. However, the exact nature and timing of this
conformational change remains unresolved in their data due to experimental limitations [4]. In contrast,
molecular dynamics simulations performed by Eddy et al. indicate that, when the N- and C-termini of
HA2 are anchored in opposing membranes, the coiled-coil structure in HA2 does not fully form until the
C-terminal domain of HA2 has zippered up and along the helical axis [45]. To date no study has been
able to monitor this final stage of HAs fusogenic conformational change in high resolution. Furthermore,
it is not well understood how this conformational change occurs during membrane fusion. In order for
HA to reorganize from the extended helical intermediate bridging the viral and target membranes to the
post-fusion six-helix bundle state with the N- and C-termini of HA2 recombined in the newly merged
membrane HA must break its 3-fold symmetry [2, 4, 37, 38, 40, 41, 45-47]. Characterizing these final
conformational changes in HA2 by pulse labeling HDX-MS should provide valuable insight into how HA
reorganizes into the post-fusion state and how this reorganization effects the membranes during fusion.
As previously described, in our pule labeling HDX-MS workflow HA on the viral surface was
proteolyzed under quench conditions using soluble porcine pepsin [2]. Together steric access to HA on
the viral surface by pepsin and HAs conformation dependent protease resistance contributed to our
severely limited sequence coverage in HA2. In solution digestion with pepsin is also inhibited by the high

concentration of denaturant present in the quench buffer and is prone to autoproteolysis. Recently,
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online digestion with immobilized pepsin has replaced in solution digestion for most HDX-MS workflows
and affords significantly higher digestion efficiency even in the presence of non-ionic detergents [48-53].
HDX-MS of peripheral and integral membrane proteins has become increasingly common and accessible
with advances in sample handling procedures [54-63]. Membrane proteins, including viral surface
proteins, can be solubilized from membranes using MS-friendly non-ionic detergents and the
phospholipids can be readily removed from solution under quench conditions before analysis [56, 61,
63-67].

Thus, we modified our pulse labeling HDX-MS workflow to incorporate a detergent solubilization
and lipid depletion step (Figure 4.2). Quench buffer was prepared as previously described with the
addition of 0.2% DDM (w/v) and pulse labeled samples were incubated under quench conditions with
DDM for 30 seconds and vortexed to ensure efficient solubilization of the viral membrane and HA.
Phospholipids from the viral membrane were removed from solution by addition of zirconium oxide
resin. Solubilized HA was purified from the viral core and zirconium resin by centrifugal filtration at 0°C
and immediately flash frozen in liquid nitrogen prior to analysis. Samples were digested online using
immobilized pepsin and analyzed by LC-MS-IMS as previously described [2]. Peptide coverage was
determined using a 0-second neutral pH undeuterated control and a 10-minute acidified undeuterated
control (pH 5.10 37°C) to ensure peptide coverage was maintained throughout HAs conformational
changes. Solubilization with DDM and online digestion with immobilized pepsin improved sequence
coverage in HA2 from 39% to 79% (Figure 4.3). Furthermore, signal intensities for all peptides
throughout HA1 and HA2 were dramatically improved compared to previous experiments. We did not
observe any appreciable impact on signal intensity or quality due to ion suppression resulting from
ionized detergent or lipids. Sequence coverage can be further improved through identification of the
abundant glycoform for the single N-linked glycan present in HA2 which is currently absent in our

analysis. Under these conditions we anticipate being able to monitor all HA2 peptides throughout the
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complete series of conformational change with no significant reduction in signal intensity resulting from
inconsistent digestion or conformation specific protease resistance. Furthermore, we believe this
approach is broadly applicable for HDX-MS analysis all viral surface proteins including influenza NA and
HIV-1 Env by continuous or pulse labeling. Under quench condition the influenza virus core collapses on
itself and dissociates upon return to neutral pH making purification of HA and NA from solution
relatively easy [19, 22]. For other enveloped viruses however, the abundance of internal proteins will
likely result in higher background signal and overlapping peptides from contaminating proteins and will
require further optimization.

Preliminary pulse labeling HDX-MS experiments using the improved detergent solubilization
workflow are currently underway for X-31 influenza virus. These experiments aim to characterize the
conformational changes in the C-terminal domain of HA2. Future work aims to use the improved
workflow to monitor HAs conformational change during fusion with synthetic liposomes and

characterize strain specific mechanisms of fusion activation.
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4.3 Materials and Methods

Purification and DiD Labeling of HIN1 PR8 Influenza Virus

H1N1 PR8 influenza virus grown in embryonated chicken eggs was purchased from Charles River
Laboratories. Virus was spin purified and labeled with 1,1’-Dioctadecyl-3,3,3’,3’-
tetramethylindodicarbocyanine (DiD) as previously described for fluorescence monitored membrane
fusion experiments or purified without labeling for HDX-MS [2, 40, 41]. Labeled virus was resuspended
in HBS buffer pH 7.4 (10 mM HEPES, 150 mM NaCl, and 50 mM sodium citrate) at 10 mg/mL total
protein. For HDX-MS virus was resuspended in HDX HBS pH 7.4 (10 mM HEPES and 150 mM NaCl) at 10

mg/mL total protein.

Liposome Preparation and Characterization

Liposomes composed of 1,2-dioleoyl-sn-glycero-3phophocholine (DOPC) lipid, 25% cholesterol,
and 5% ganglioside GD1a as a sialic acid receptor for HA were prepared by lipid extrusion as previously
described [40, 41]. Briefly, DOPC, cholesterol, and GD1a stocks were combined in chloroform and dried
under nitrogen gas and stored under vacuum for at least two hours and up to 12 hours. The lipid film
was resuspended in HBS+SRB buffer pH 7.4 (10 mM HEPES, 150 mM NacCl, 50 mM sodium citrate, and 25
mM sulforhodamine B (SRB)). Following 6 freeze-thaw cycles using liquid nitrogen the liposomes were
extruded 21 times using a 100 nm polycarbonate membrane and purified using a PD-10 desalting
column (GE Healthcare) into HBS buffer pH 7.4. Liposomes were characterized for size and homogeneity
by dynamic light scattering using a DynaPro NanoStar analyzer (Wyatt Technologies) and stored in the

dark at 4°C for up to 7 days.
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Fluorescence Monitored Membrane Fusion

Fluorescence monitored membrane fusion experiments were performed as previously described
[40, 41]. DiD labeled H1IN1 PR8 virus and SRB containing liposomes were combined, brought to 60 pL
final volume, and incubated at pH 7.4 and 37°C for 10 minutes in a quartz cuvette to allow virus and
liposomes to equilibrate and associate. Liposomes were in high excess to virus in all experiments. After
equilibration 40 uL of acidification buffer (empirically determined ratios of HBS pH 7.4 and HBS pH 3.0
buffers were used to achieve the target pH at 100 pL total volume) was added and rapidly mixed with
the virus and liposomes. Fluorescence dequenching was monitored using a Varian Cary Eclipse
spectrophotometer using excitation and emission pairings of 644/665 nm for DiD and 565/586 nm for
SRB with 2.5 nm slit widths. Membrane fusion was monitored for 30 minutes before addition of Triton
X-100 to a final concentration of 1% to fully disrupt all liposomal and viral membranes resulting in
maximum dequenching. The fluorescence dequenching data was normalized using the initial fully

qguenched (Fo) and final fully dequenched (Fmax) signals as follows: [(Fr — Fo)/(Fmax — Fo)].

Pulse Labeling HDX-MS of H1IN1 PR8 Influenza

The pulse labeling reactions described in this chapter were performed by Chengbo Chen under
the supervision of Mark Benhaim. Pulse labeling HDX-MS of HIN1 PR8 influenza virus at pH 5.1 was
performed identically as described previously [2]. For each reaction, a stock of purified influenza virus
kept at 37°C and containing 10.0 pg of HA in HDX HBS pH 7.50 buffer was rapidly diluted 1:1 with HDX
HBS Acidification buffer (150 mM NaCl, 10 mM HEPES, 80 mM Citrate, and 0.02% NaNs) to a final pH of
5.10 at 37°C. Virus was acidified for 5 seconds, 10 seconds, 15 seconds, 30 seconds, 45 seconds, 1
minute, 3 minutes, 5 minutes, and 10 minutes. Following acidification, each reaction was rapidly pulse
labeled with deuterium for 5 seconds at room temperature (22°C) by dilution into Pulse Deuteration

Buffer (25 mM Phosphate, 150 mM NacCl, 0.02% NaNs, and 85% D,0 (Cambridge Isotope Laboratories))
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to a final pH* 8.0. The pulse labeling reactions were then rapidly quenched by dilution 1:1 with ice-cold
quench buffer (8 M Urea, 200 mM TCEP [tris(2-carboxyethyl) phosphine] and 0.2% formic acid (FA)) with
30 pg/mL of porcine pepsin (Worthington Labs) to a final pH of 2.50 and digested on ice for 5 minutes.
The labeled HA peptides were separated from intact virions by high speed centrifugation at 25,000 rcf
and 0°C for 2 minutes. The supernatant was collected and immediately flash frozen in liquid nitrogen
then stored at -80°C until analysis. Undeuterated samples were prepared identically to the deuterated
samples with water in place of D;0. A no acidification or “0 second” control was also prepared where
the acidification buffer was included with the Pulse Deuteration Buffer and was otherwise treated
identically to acidified reactions. All samples were prepared containing 0.25 pug/mL of each PPPI and
PPPF tetrapeptides (AnaSpec) as internal exchange standards [68]. Pulse labeling reactions were
performed in triplicate by manual pipetting. All HDX buffers were prepared with LC-MS grade Optima
Water (Fischer Scientific). Totally deuterated (TD) samples were prepared by collecting purified peptide
eluent following reverse phase LC separation of a pepsin digested undeuterated sample. Following
evaporation of the LC elution buffer the peptides were resuspended in HDX HBS pH 7.50 Buffer,
deuterated in Pulse Deuteration Buffer for 2 hours at 37°C, and quenched and frozen as described

above.

Detergent Solubilization of X-31 HA

For each reaction, a stock of purified X-31 influenza virus kept at 37°C and containing 10.0 pg of
HA in HDX HBS pH 7.50 buffer was rapidly diluted 1:1 with HDX HBS Acidification buffer (150 mM NacCl,
10 mM HEPES, 80 mM Citrate, and 0.02% NaNs) to a final pH of 5.10 at 37°C. Virus was acidified for 0
seconds or 10 minutes. Following acidification, each reaction was rapidly “pulse labeled” for 5 seconds
at room temperature (22°C) by dilution into Mock Pulse Deuteration Buffer (25 mM HEPES, 150 mM

NaCl, 0.02% NaNs) to a final pH 8.0. The pulse labeling reactions were then rapidly quenched by dilution
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1:1 with ice-cold quench buffer (8 M urea, 200 mM TCEP [tris(2-carboxyethyl) phosphine], 0.2% DDM,
and 0.2% formic acid (FA)) to a final pH of 2.50, vortexed and stored on ice for 30 seconds. Following
detergent solubilization 10 pL of ice-cold zirconium oxide resin slurry (300 mg/mL) in 0.1% FA was added
to the quenched sample, immediately vortexed, incubated on ice for 1 minute and vortexed again. The
guenched sample was then transferred to a pre-chilled 0.2 um spin filter and centrifuged for 1 minute at
0°C to remove the zirconium oxide resin and viral core. The filtrate was immediately transferred to a
fresh 0.6 mL tube and flash frozen in liquid nitrogen. All samples were prepared containing 0.25 ug/mL
of each PPPI and PPPF tetrapeptides (AnaSpec) as internal exchange standards [68]. All HDX buffers

were prepared with LC-MS grade Optima Water (Fischer Scientific).

Reverse Phase Liquid Chromatography and Mass Spectrometry

Analysis by LC-MS was performed as previously described [2]. Samples were thawed for 5
minutes on ice and manually injected into a custom built HDX-MS LC sample manager kept at 0°C
(manuscript in preparation, Watson et al.). Whole virus PR8 HA samples were trapped on a Waters
ACQUITY UPLC CSH C18 VanGuard 1304, 1.7 pm, 2.1 mm by 5 mm trap column for 3 minutes with a flow
of solvent A [2% acetonitrile, 0.1% FA, 0.025% trifluoroacetic acid (TFA)] at a rate of 150 pL/min.
Detergent solubilized X-31 HA samples were digested online with immobilized pepsin for 5 minutes and
trapped as previously described [2, 69]. Peptides were resolved over a Waters ACQUITY UPLC CSH C18
130A, 1.7 um, 1 x 100 mm column using a 20 minute linear gradient of 3% to 50% solvent B (Solvent B:
100% acetonitrile and 0.1% FA) and analyzed using a Waters Synapt G2-Si Q-TOF with ion mobility
enabled. Source and desolvation temperatures were 70°C and 130°C respectively. The StepWave ion
guide settings were tuned to prevent non-uniform gas phase proton exchange in the source [70]. A

series of trap column wash steps were implemented between each injection to minimize carryover [71].
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Figure 4.1 HIN1 PR8 Influenza Fluorescence Monitored Membrane Fusion. (A) Normalized liposome
leakage as a function of activation pH reports on fusion peptide release and disruption of the liposomal
membrane over time. (B) Maximum liposome leakage shows the pH dependence of HA fusion
activation. (C) Normalized lipid mixing reports on HA mediated membrane fusion between H1IN1 PRS8
virions and synthetic liposomes. The kinetics and efficiency of membrane fusion increase as a function of
activation pH. (D) Maximum lipid mixing shows the final efficiency of membrane fusion. In contrast to
H3N2 X-31 membrane fusion is relatively inefficient and does not show a strong dependence on pH
(Data not shown). Fluorescence dequenching was normalized using a maximum dequenched value
resulting from detergent solubilization of liposomes and virus.
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Figure 4.2 Schematic of Improved Pulse Labeling Workflow with Detergent Solubilization. Following
pulse labeling of HA on the surface of Influenza virions as previously described the samples are
guenched in buffer containing 0.2% DDM on ice. Following a 30 second incubation with the DDM
containing quench buffer a slurry of ZrO; resin is added in order to deplete the free phospholipids from
solution prior to MS analysis. The slurry and viral core is removed from solution following filtration
through a 0.2 um spin filter and the supernatant containing solubilized and labeled HA is rapidly flash
frozen in liquid nitrogen and analyzed as previously described using a custom build HDX UPLC system

with online pepsin digestion.
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Figure 4.3 Peptide Coverage of X-31 HA2. Coverage map of the HA2 fusion domain from X-31 influenza
virus comparing peptide coverage obtained from previous digestion conditions (Red) and the improved
detergent solubilization and online pepsin digestion workflow (Blue). Sequence coverage improved
dramatically throughout all of HA2 as a result of detergent solubilization and online pepsin digestion.
Coverage map generated using MSTools [72].
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Chapter 5: Conclusions, Perspectives, and Future Directions

Infection by all enveloped viruses requires fusion of the viral and host membranes in order to
deliver the viral genome and replication machinery across the cellular membrane and into the cytosol.
The process of viral protein mediated membrane fusion is facilitated by highly specialized protein fusion
machines that decorate the surfaces of enveloped viruses [1-8]. The goals of this dissertation were to
interrogate and characterize the structural mechanics and conformational dynamics of class 1 viral
fusion proteins in situ on the surface of authentic or engineered virions using structural mass
spectrometry and solution phase biophysical approaches. Collectively the works presented in this
dissertation provide unprecedented insight into the structural mechanism by which the influenza
hemagglutinin fusion protein becomes activated and mediates the membrane fusion reaction; and
describe a robust and broadly applicable HDX-MS platform with which the structural and conformational
dynamics of any viral surface antigen can be profiled and characterized. Furthermore, these works
underscore the importance of studying the structure and functions of viral fusion proteins and other
viral surface antigens using native, or near native, biological systems as opposed to isolated and

engineered soluble ectodomains.

Profiling the Structural and Conformational Dynamics of HIV-1 Env

Historically the structure and functions of viral membrane fusion proteins has been
characterized using classical high-resolution structural techniques such as X-ray crystallography or cryo-
EM [2, 3, 9-11]. However, as previously discussed these approaches provide a limited snapshot of a
proteins structure, thus masking a majority of the ever present structural dynamics and conformational
fluctuations that are critical to a protein’s function, and are often limited to analysis of engineered and

stabilized soluble ectodomain constructs [1, 2, 9, 10, 12-18]. Recent evidence has highlighted how these
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high-resolution structural studies and engineered protein constructs do not capture or recapitulate the
native structural dynamics and conformational ranges of these highly dynamic viral fusion proteins; such
as the HIV-1 Env fusion glycoprotein [1-3, 9, 10, 12-26]. Thus, as described in chapter 2, we utilized
continuous labeling HDX-MS in combination with cryo-EM and cryo-ET to characterize the structural
dynamics and conformational homogeneity of the full length HIV-1 Env fusion glycoprotein on the
surface of authentic and engineered viral systems and provided a direct comparison to the soluble and
stabilized ectodomain construct. This work demonstrated that HDX-MS can be used to characterize the
structural dynamics and conformational homogeneity of viral surface antigens in situ. However, peptide
sequence coverage was severely limited and thus we were unable to make meaningful conclusions
about the structural and conformational dynamics of the native Env trimer in comparison to the soluble
ectodomain construct. Despite these limitations these studies provided an invaluable and quantitative
assessment of the conformational homogeneity of Env trimers present in the samples, which was critical
for developing these platforms for use as vaccine constructs. As discussed in chapter 2, future efforts are
aimed at improving sequence coverage so that we can properly and completely assess the structural and
conformational dynamics of native Env. These efforts include adapting the modified and improved
detergent solubilization aided HDX-MS workflow described in chapter 4 for use with other viral systems
outside of influenza virus. Furthermore, efforts are underway to develop a nanoflow-UHPLC HDX-MS
sample handling system which will dramatically expand the capabilities of the approach by reducing
sample quantity requirements and improving peptide separation which is critical with complex matrices.
With these improvements we are confident that this continuous labeling HDX-MS approach will prove to
be a robust structural tool for characterizing the native structural and conformation dynamics of the
HIV-1 Env, and other, viral fusion proteins that have long eluded characterization. These future studies

will provide invaluable insight into the native conformational dynamics of diverse native HIV-1 Env
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isolates and aid in the development of vaccine immunogens capable of eliciting a broad immune

response [21, 26-42].

Characterizing the Mechanism of HA Fusion Activation

The influenza virus hemagglutinin (HA) fusion protein has served as the prototypical class 1 viral
fusion protein for nearly 40 years [1, 2, 8, 14, 43, 44]. Much our understanding of all class 1 fusion
proteins and their functions is based upon our understanding of HA. However, much of this
understanding had been informed through low resolution biochemical characterization of HA’s structure
and function and atomic resolution structures of the pre- and post-fusion states of the HA ectodomain
[1, 2,5, 8,14, 23, 43-61]. As outlined in the introduction and chapter 3, our mechanistic understanding
of how HA mediates viral membrane fusion was rooted in the spring-loaded mechanistic model which
described HA as a high energy spring-loaded fusion machine, that upon activation rapidly and
irreversibly reorganized to the post-fusion state [53, 57]. Despite there being limited structural support
for this mechanistic model it persisted as the prevailing model for nearly 30 years, and only recently has
the perspective on HA’s structural characteristics and mechanism began to shift. One central feature of
the spring-loaded model that has defined the structural and behavioral characterization of HA, and thus
all class 1 fusion proteins, was the perception of HA as a static, high-energy, spring-loaded fusion “trap”
[2,11,12,53, 57, 60, 62, 63]. This perception defined the way researchers thought about how HA
behaved and functioned, both at rest and during activation [2, 14, 47]. However, recent studies have
began to change this perception and HA is increasingly being viewed as the highly dynamic fusion
machine that it truly is [1, 2, 5, 10, 14, 20, 23, 46, 47, 60, 64]. By using techniques such as cryo-ET, sm-
FRET, and HDX-MS researchers have been able to capture these dynamics in stunning detail and
visualize the dynamic structural and conformational changes in real-time [1, 14, 46, 47, 65]. However,

until recently our understanding of HA’s mechanism of fusion activation and HA mediated membrane
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fusion was still limited. While a competing mechanistic model, the fusion peptide release model, had
emerged more recently the fields perception of HA was still dominated by the spring-loaded model
despite there being concrete high resolution structural information that directly challenged the model’s
features [2, 11, 14, 45, 47, 48, 65, 66]. Such works by Fontana et al., Garcia et al., and most recently Das
et al. have shown that not only is HA highly dynamic at rest, but upon activation it adopts a dynamic
fusion peptide released intermediate state [1, 14, 47, 65]. However, these works failed to describe the
complete mechanism of HA fusion activation and HA mediated membrane fusion. Thus, as presented in
chapter 3, we developed a pulse labeling HDX-MS approach that enabled us to characterize the
mechanism of HA fusion activation and HA mediated membrane fusion in the most complete detail to
date [1]. Our data showed that fusion peptide release and reorganization of the HA1-HA1 interface
occurred together and enabled the formation of a dynamic fusion peptide released intermediate
ensemble whereby the structurally dynamic HA2 fusion domain sampled conformational space in search
of a target membrane to engage with. Using cryo-ET we also demonstrated that this intermediate state
is not a discrete isolatable state but a dynamic conformational ensemble state, like that proposed by Das
et al. [14]. Importantly, our work provided the first direct comparison between how full length HA on
the viral surface and the BHA ectodomain responded to activation and showed that once activated BHA
reorganized directly to the post-fusion state and did not adopt any intermediate state. This finding
clearly demonstrates the importance of studying the mechanics of viral fusion proteins using the native
and complete biological systems as the soluble ectodomains cannot accurately recapitulate their native
functions.

However, our data was unable to fully resolve some details of HA’s reorganization to the post-
fusion state that are essential for understanding the complete mechanism of HA mediated membrane
fusion. Furthermore, our study was limited to a single group-2 H3 isolate of influenza virus, X-31 H3N2,

and thus it remains unclear if there is a single generalizable mechanism for HA fusion activation and HA
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mediated membrane fusion. As described in chapter 4, efforts are currently underway to improve the
pulse labeling HDX-MS workflow so that we can monitor all of HA’s conformational changes during
activation and fusion, including the HA2 C-terminal reorganization that drives the N-and C-terminal
recombination event during fusion [1, 14, 45, 67]. Currently, the improved HDX-MS workflow resulted in
nearly 100% sequence coverage across all of HA including HA2, thus allowing us to monitor all of HA’s
conformational changes. As previously discussed, by coupling the improved workflow with new sample
handling techniques we can dramatically reduce our sample quantity requirements. These
improvements will enable us to interrogate the structural mechanics of HA’s from diverse isolates and
directly investigate how mechanistically and clinically relevant mutations manifest during activation [1,
2,14, 45, 47, 68-76]. Thus, we believe the pulse labeling HDX-MS platform presented in chapters 3 and 4
of this dissertation will prove itself as an invaluable and highly adaptable biophysical tool for studying

the structural mechanics of all class 1 viral fusion proteins.

Final Perspectives

Much of the work presented in this dissertation was aimed at developing a robust and broadly
applicable HDX-MS platform for the study of the structural and conformational dynamics of class 1 viral
fusion proteins. Furthermore, my primary goal was to use pulse labeling HDX-MS to resolve a nearly 40-
year long debate about how the influenza virus HA fusion protein behaved during activation and
membrane fusion. These works contribute to a growing body of work using emerging solution based
structural approaches to solve challenging problems in structural biology and cement HDX-MS as a
powerful and versatile tool in structural biology. These emerging biophysical and structural approaches,
including sm-FRET, cryo-ET and HDX-MS, will continue to provide untold insight into the structure and

functions of dynamic biological machines and systems.
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