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ABSTRACT

This work comprises a cumulative effort to provide analysis of proteins relevant to

understanding and treating human disease. This dissertation focuses on two main protein

complexes: the structure of the Chimp adenovirus Y25 capsid assembly, as used in the

SARS-CoV-2 vaccine, Vaxzveria, and the Dbl family RhoGEF (guanosine exchange

factor) Syx and its associated small G protein, RhoA. The course of research was

influenced heavily by the onset of the Covid-19 pandemic and associated lockdown,

which pushed anyone with the means to do meaningful research to shift priorities towards

addressing the greatest public health crisis since the 1918 flu pandemic.

Analysis of the Syx-RhoA complex for the purposes of structurally guided drug design

was initially the focus of heavy optimization efforts to overcome the numerous challenges

associated with expression, purification, and handling of this protein. By analyzing E.

Coli derived protein new important knowledge was gained about this protein’s

biophysical characteristics which contribute to its behavior and may inform drug design

efforts. Expression in SF9 insect cells resulted in promising conditions for production of

homogeneous and monodispersed protein. Homology modeling and molecular dynamics

simulation of this protein support hypotheses about its interactions with both RhoA as

well as regions of the cytoplasmic leaflet of the cell membrane.

Structural characterization of ChAdOx1, the adenoviral vector used in the

AstraZeneca Covid-19 vaccine, Vaxzveria resulted in the highest resolution adenovirus

structure ever solved (3.07Å). Subsequent biochemical analysis and computational

simulations of PF4 with the ChAdOx1 capsid reveal interactions with important

implications for vaccine induced thrombocytic throbocytopenia syndrome, a disorder

observed in approximately 0.000024% of patients who receive Vaxzveria.
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Chapter 1

INTRODUCTION AND SIGNIFICANCE

1.1 Background of the Adenovirus Vaccine Vector ChAdOx1

1.1.1 Adenovirus Background and Its Use as a Vaccine Vector

Adenovirus vaccine vectors utilize the same core technology as gene therapy vectors

to express transgenes, however their own inherent immunogenicity and tendency for liver

tropism when delivered intravenously rendered them less favorable as gene therapy

vectors. This same immunogenicity is an advantage for immune stimulating applications

like vaccination and immuno-oncology applications. The earliest vaccines were simple

attenuated pathogens or proteins derived from pathogens that were introduced into the

host to promote an immune response. However quite frequently proteins which may be

used in a vaccine to stimulate a neutralizing immune response are difficult to produce or

are unstable in formulations suitable for clinical use. In addition, when used in

vaccination, proteins may have highly variable immunogenicity and therefore require

extensive testing to prove that they are both safe and efficacious. Adenovirus vectors have

a significant advantage as, due to their double stranded DNA genome and non-enveloped

capsid, they are extremely stable and therefore overcome formulation shortcomings that

typically hamper other vaccination strategies like delicate proteins. The viruses ability to

remain stable in the environment until they infect the host’s cells, where they ”hijack”

host ribosomes to produce the proteins contained in their genome avoids issues commonly

seen with protein production. In addition, all steps of vaccine development with this

method are predictable and tractable in a short time frame. Adenoviral particles carrying

the gene for an immunologically active protein are straightforward to produce because
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adenoviruses are extremely well studied; their behavior and safety profile in humans has

been established and manipulation of their genomes is relatively simple compared to other

vector platforms. There are also established methods of mass production approved by

regulatory authorities like the FDA. These advantages have led to their widespread use as

vaccine vectors, especially in circumstances where their rapid development time and

proven safety track record is an advantage, such as during an outbreak response [1–5].

1.1.2 Adenovirus Structure

Adenoviruses (Ads) consists of a liniar double stranded genome approximately 35kb

long and codes for approximately 38 proteins depending on the species of adenovirus [6].

The genome is separated into early transcription units E1A, E1B, E2A, E2B, E3, and E4

(Figure 1.2); which are transcribed into mRNA and proteins early in the viral replication

cycle to modulate viral DNA production and host immune response, and late transcription

units L1-L5, which share the same promoter sequence and are transcribed later in the viral

reproductive cycle [6–8]. Late transcription units code for proteins involved in viral capsid

assembly. The genome is contained within an icosahedral capsid consisting of 3 major

proteins; the hexon, the penton, and the fiber, as well as 4 other proteins (Figure 1.1). The

hexon makes up the majority of the capsid which contains 120 hexon trimers arranged in 20

facets of the icosahedron. The outermost portion of the hexon is made up of loops projecting

outwards from the capsid, dubbed the hyper variable region (HVR), which vary greatly from

species to species. The penton protein is a pentameric protein residing at the 12 vertices

of the icosahedral capsid(Figure 1.1). The penton acts as a base for the N-terminus fiber

protein which consists of a long trimeric protein shaft, with different virus types containing

variable numbers of pseudo repeats projecting out on the five-fold symmetry axis of the

icosahedral capsid. This fiber shaft is flexible and terminates in the globular fiber knob

domain at its outermost C-terminal end. The knob domain consists of a β-barrel consisting
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of 10 strands with variable loops between each strand (Figure 1.1) [9, 10].

Minor coat proteins include pIIIa, pVI, pVIII, and pIX. Proteins pIIIa and pVII weave in

between the spaces between hexons and pentons, towards the internal base of these major

capsid proteins to stabilize the interactions holding together the capsid. Protein VI also

resides on the interior face of the capsid and is involved in capsid endosomal escape and

capsid processing. Protein IX has 240 copies per capsid arranged in a triskelion formation

on the capsid exterior to, presumably to further stabilize the capsid [9].

Figure 1.1: (A) Cartoon view of adenovirus, highlighting the major capsid proteins as

labelled. (B) Structural view of an adenovirus vertex modelled from CryoEM structure

(PDB: 6B1T) showing penton (green) with hexons (dark and light blue) and minor capsid

proteins (red) [10].

1.1.3 Adenoviruses as Non-replicating Vaccine Vectors

A typical protocol for creating an adenoviral vaccine vector involves relatively simple

genetic manipulation of the virus to remove the E1A and E3 protein in order to create a

replication incompetent virus(Figure 1.2). The E1 gene is then introduced into the genome
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of the cell line that the virus will be grown in to allow for replication. Then a transgene

such as an immunologically active protein may be inserted into the E1 position, to be

expressed when the replication incompetent virus infects the host cells. While advances

on this basic protocol exist, such as E2/E4 deletions and ”gutless” vectors which contain

almost no original adenovirus genetic material at all and can fit large 36 kb transgenes,

these are outside the scope of this dissertation [1, 11].

Figure 1.2: The adenovirus genome contains transcription units E1A, E1B, E2A, E2B,

E3, and E4 that get transcribed early in the virus infection cycle. Genome modification by

removal of the E1 and E3 site produces a replication incompetent virus that may reproduce

only in cells engineered to express the E1 genes. The E1 site may also be used to introduce

transgene payloads such as the SARS-CoV-2 spike protein [1].

1.1.4 Adenovirus Species Diversity and Revalence of Neutralizing Immunity Towards

Adenoviral Vectors

More than 88 types of adenoviruses which infect humans exist, subdivided into species

A through G [12]. Among these, several species may cause human disease and most may

be opportunistic pathogens(Table 1.1) [13, 14]. Most adenovirus infections do not require

medical intervention as they are neutralized by the host immune system.

The canonical infection process for most adenoviruses typically starts with respiratory

or fecal-oral transmission, and is initiated through the adenovirus fiber knob binding to the

coxsackie-adenovirus receptor (CAR), which is found broadly on epithelial and

endothelial cells. However it should also be noted that species B1 adenoviruses bind
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Group Type Associated Disease or Infection

A 12, 18, 31, 61 gastrointestinal, respiratory, urinary, cryptic

enteric infection, linked to obesity,

meningoencephalitis

B 3, 7, 11, 14, 16, 21,

34, 35, 50, 55, 66

conjunctivitis, gastrointestinal, respiratory,

urinary, pneumonia, meningoencephalitis, cystitis

C 1, 2, 5, 6, 57 respiratory, gastrointestinal, obesity, pneumonia,

hepatitis

D 8–10, 13, 15, 17, 19,

20, 22–30, 32, 33,

36–39, 42–49, 51, 53,

54, 56, 58-60, 63-67

conjunctivitis, gastrointestinal, respiratory

disease, linked to obesity, meningoencephalitis

E 4 conjunctivitis, respiratory, pneumonia

F 40, 41 gastrointestinal, infantile diarrhea

G 52 gastrointestinal

Table 1.1: Human adenoviruses are is classified into seven groups (A–F). There are more

than 88 types, and approximately 67 types (1–67) are known to be pathogenic in humans.

Types 2, 3, 4, 7, 8, 14, 53, 55 and 56 are the most commonly linked to outbreaks and

instances of hospitalization (shown in bold). [13–20]

CD46 in liu of CAR, and species B2 adenoviruses bind Desmoglin, while species D

adenoviruses are capable of binding both sialic acid and CAR [21–28]. Initial fiber knob

binding starts the internalization process and simultaneously brings the virus within range

of integrins that can then bind the adenovirus RGD motif on the penton protein and trigger

endocytosis via clatherin-coated vessicles(Figure 1.3, steps 1-6) [29]. As vessicles

containing viral particles are moved into the endosomal system the fiber and penton

proteins are shed from the virion and the penton-integrin interaction triggers activation of

PI3 kinase and Rab GTPases to facilitate mechanisms of endosomal internalization and

trafficking [30–32]. At the same time, the virus is recognized by several

pathogen-associated molecular pattern (PAMP) receptors and

mucosal-associated-invariant T (MAIT) cells which likely contribute to immunological

activation that may support the formation of long lasting immunological memory.
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Critically, the presence of unmethylated CG base pairs in double stranded DNA(CpG) are

detected by cytoplasmic DNA sensor cyclic GMP-AMP synthase (cGAS) and toll-like

receptor 9 (TLR9) and induce potent proinflamitory cytokines and interferons like IFN-γ.

To counteract this, the essential adenoviral E1A protein binds to stimulator of interferon

genes (STING) and inhibits DNA sensing to facilitate infection and virus replication

[33–38]. This immunological activation is an advantage of adenovirus vaccine vectors

over protein based vaccination methods because many pathogen surface proteins have

evolved to have the lowest immunological signature possible and therefore require

enhancement through adjuvants or other forms of immune stimulation, while a virus

vaccine may stimulate the immune system without any adjuvant.

In the endosome, after the penton and fiber have been shed, exposing protein pVI, the

ampiphalic helix of protein PVI disrupts the endosomal membrane and allows the virus to

enter the cytosol(Figure 1.3, steps 7-8) [39–45]. Upon entering the cytosol, virion hexons

are readily bound by dynein subunits of the dynein-dynactin microtubule motor complexs

and transported towards the centrosome and the nucleus (Figure 1.3, steps 8-9) [46–53].

When the virion reaches the nuclear pore complex (NPC) it interacts with NPC proteins

Crm1, Nup214, and Nup358; and recruits uncoating motor kinesin-1 (Kif5C) [54]. The

combined interactions with NPC proteins, Kif5C, and the microtubules of the cytoskeleton

exert a pulling force on the capsid that ruptures the capsid and releases the adenovirus

genome which is still bound by several hundered adenovirus pVII proteins(Figure 1.3,

steps 10-11). Nuclear transport receptors such as Imp7 and histone H1 bind the pVII

proteins and shuttle the adenovirus genome through nuclear pore protein Nup62 and into

nucleus where transcription and translation of the viral genome can begin [55–57].

Moreover, because of the presence of endemic adenovirus infections occurring in

human populations, quite often people have developed cross-reactive immune responses

against human adenoviruses which may neutralize a broad spectrum of adenovirus
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Figure 1.3: The cycle begins when adenovirus fiber knob protein interacts with the

CAR receptor, placing the penton RGD loop in range of integrin(1). Integrin interactions

stimulate viral entry into clathrin coated pits(5) which are trafficked to erly endosomes(6).

Removal of the penton exposes protein pVI, which penetrates the membrane of the vessicle

and facilitated viral escape(7). The capsid hexon protein is bound by dynein and trafficked

along microtubules to the nucleus of the cell(8). Interactions with various nuclear pore

complex proteins facilitate capsid release from microtubules and interaction with the

nuclear pore(9-10). The capsid is physically ruptured and the virus genome is pulled

through the nulear pore and into the nucleus(11) where genome transcription begins [58].

subspecies. Among the 88 adenovirus types, infection with one adenovirus type will

generate antibodies which neutralize several other closely related types. In the case of
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Ad5 and Ad26, some of the more commonly used human adenoviral vectors, multiple

studies have shown seroprevalence of neutralizing antibodies to be present in human

populations at high levels. In the case of Ad5, select populations have been measured with

nearly 90% positive neutralizing antibodies against this vector with about 50% prevalence

of neutralizing antibodies in western populations [59–63].

Multiple clinical trials and mechanistic studies have shown that the presence of

neutralizing antibodies in host sera can nullify an adenovirus’s therapeutic value [64].

Most neutralizing antibodies against adenovirus bind to the hyper variable regions (HVR)

of the hexon protein [65], and experimentally mutations or chimeras which affect this

region have been shown to improve transfection and vaccination characteristics [66].

These data can be misleading because populations in different geographic locations have

very different levels of pre-existing immunity against endemic serotypes, and clinical

trials using vectors such as Ad5 may show successful results in one location but not in

another due to differences in local exposure to that serotype of adenovirus. In addition,

adenovirus specific T cells and activated NK cells contribute to the immune response

against adenoviruses that infect humans. It is important to note that because T cell and NK

cell responses were historically not experimentally quantified when characterizing vaccine

responses, and these responses occur in conjunction with the production of neutralizing

antibodies, neutralizing antibody responses are often used as a proxy for total neutralizing

immune response.

The consequence of this effect has been observed on a massive scale during the SARS-

CoV-2 pandemic, as several commonly used human adenovirus strains such as adenovirus

5 (Ad5) and adenovirus 26 (Ad26) are currently also being employed as vaccine vectors

against Covid-19 with varying degrees of success [67–70]. It shouls be noted that while

Ad26 has a relatively low seroprevalence and therefore has shown acceptable efficacy in

clinical trials [68], vaccination strategies which make use of Ad5 based platforms have been
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criticized for their low efficacy, suggesting that the higher seroprevalence of neutralizing

antibodies against Ad5 may be contributing to these poor results [63, 67].

1.1.5 ChAdOx1 Is a Simian Adenovirus with Low Human Seroprevalence

ChAdOx1 is a non-replicating adenoviral vaccine vector developed from Chimpanzee

adenovirus Y25 by the Jenner Institute at Oxford and was promoted as a vector for rapid

vaccine development in the case of an epidemic [2, 71, 72]. While there is debate over

definitions of species type outside of human adenoviruses, ChAdOx most resembles a

species E adenovirus. The viral vector was engineered by λ red recombineering with

galactokinase selection to manipulate a bacterial artifical chromasome containing Y25

viral genome [73]. The E1 and E3 regions of the viral genome were removed and the E1

site was replaced by a attR1 attR2 Gateway cassette containing the galactokinase selection

gene. Replication incompetent adenoviruses rely on the E1 genes being expressed by their

host cells for replication and therefore can not replicate outside of host cell lines

engineered to express the E1A gene products. Additionally, it was found that the Y25 did

not have a favorable growth rate and yeild in HEK293A cells. This is because HEK293A

cells were generated to express E1 gene products derived from Ad5. Open reading

frames(ORF) orf3, orf4, orf6, and orf6/7 from the E4 region of the Y25 chimpanzee virus

produce proteins that do not interact as strongly with Ad5 E1 proteins E1A and E1B 55K.

E1B and E4orf6 protein form a complex that binds and degrades host cell p53 proteins,

blocking p53 mediated apoptosis of the infected cell, therefore efficient interaction is

essential for viral replication. To remedy the lack of E4orf6 binding in HEK-293 cells

expressing Ad5 E1 genes, the E4 region of the Y25 virus was swapped out with the E4

region of Ad5 to improve growth and yeild when being grown in HEK293 cell lines

[11, 71].

The primary reason this virus was selected as a vaccine platform was because of very
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low pre-existing immune seroprevalence to chimpanzee adenoviruses. Multiple studies

have compared the seroprevalence of common vaccine platforms Ad5 and Ad26 with

several simian adenoviruses including Y25 and found almost no seroprevalence of

neutralizing antibodies against simian adenoviruses in the human population [71, 74, 75].

Because of this low immune seroprevalence, and because this virus binds the CAR

receptor which is nearly completely homologous between humans and Chimpanzees, Y25

was an ideal candidate to develop into a vaccine platform which circumvents issues seen

in clinical trials with human adenoviruses that are neutralized by cross-reactive antibodies

from past adenovirus infections.

1.1.6 The Onset of the SARS-CoV-2 Pandemic Prompted ChAdOx1 Adoption as a

Leading Covid-19 Vaccine Candidate

The global impact of SARS-CoV-2 can not be overstated. Since its first detection in

December 2019, 239 million Covid-19 cases have resulted in 4.88 million deaths

worldwide as of October 2021, along with massive economic impacts influencing nearly

every person on earth [76, 77]. Before the Covid-19 pandemic, ChAdOx1 had already

shown promise in several clinical trials against a variety of emerging pathogens [1, 2, 11].

Most significantly, the platform had demonstrated efficacy and safety as a MERS vaccine.

The vector, expressing the MERS spike protein as a transgene, had shown safety in phase

I clinical trials and effectiveness in producing neutralizing protection against MERS

infection in non human primates [78]. Because of this, with the onset of the Covid-19

pandemic, the ChAdOx1 vector was quickly adapted for use with the SARS-CoV-2 spike

protein in place of the MERS spike protein transgene. After successful clinical trials, over

3 billion doses of the vaccine have been ordered, far more than any other vaccine, with

318.9 million doses administered as of Febuary 2021 through the COVAX (COVID-19

Vaccines Global Access) program to countries in need (Figure 1.4). This accounts for
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more than 99% of all of the doses distributed by COVAX around the world thus far [79].

Despite this massive investment in development, its receptor tropism and structure of

critical domains which determine host-virus interaction had not been published.

1.1.7 PF4 and Its Role in Thrombocytic Thrombocytopenia

platelent factor 4 (PF4) is a homotetrameric protein consisting of four 70 amino acid

(7kD) chains that contain no methionine, tryptophan, or phenylalanine [81, 82]. PF4

belongs to the CXC chemokine family and is secreted from the α-granules of activated

platelets to promote blood coagulation and attract neutrophils, monocytes, and fibroblasts

to sites of injury [83]. PF4 functions to promote thrombosis by binding heparin or cellular

glycosaminoglycans (GAGs) and therefore inhibiting the activity of coagulation cascade

inhibitor antithrobin. A syndrome known as heparin-induced thrombocytopenia is

associated with patients who produce rare autoantibodies that bind the PF4-heparin

complex [84]. The administration of heparin to prevent blood clotting is commonplace

during various cardiovascular interventions. Upon administration of heparin these patients

have dangerous paradoxical thrombosis and throbocytopenia [85]. The disorder is caused

when IgG binds to PF4-heparin and then the Fc domain of IgG is recognized by FcγRIIa

receptors on the surface of platelets [86]. This causes platelet activation and formation of

platelet microparticles leading to thrombosis and thrombocytopenia (Figure 1.5) [87].

1.1.8 A Synopses of Cryo-Electron Microscopy

Cryo-EM or more specifically CryoTEM (transmission electron microscopy) with

subsequent SPA (single particle analysis) is a method which is revolutionizing the field of

structural biology and has been extensively reviewed previously [88, 89]. Exciting

advances in electron detector and energy filter technology have been rapidly transforming

this discipline, once termed ”blob-ology”, into a contender as the premier technique for
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Figure 1.4: As of March 9, 2021, there were pre-purchase agreements for over three

billion doses of AstraZeneca/Oxford’s vaccine. This vaccine is by far the most sought after

COVID-19 vaccine around the world, especially due to its ability to be stored at normal

refrigerator temperatures, while other vaccines might need ultra cold storage [80].
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Figure 1.5: PF4 strongly binds heparin. In patients with heparin-induced

thrombocytopenia, this complex is recognized by IgGs. IgG subsequently is bound

by FcγRIIa receptors, which cluster and cause hyper activation of platelets, leading to

thrombosis and subsequent thrombocytopenia [87].

resolving the structure of proteins.

In brief, the technique begins with purified protein being applied to a grid, and then

flash frozen in liquid ethane in order to preserve the sample in vitrified non crystalline ice.

Blotting, grid application, and freezing conditions are carefully controlled to optimize the

ice thickness and sample distribution for each sample. The grid is kept at liquid nitrogen

temperatures in order to reduce beam induced radiation damage during imaging (Figure

1.6F, ”Sample preparation”). Electrons from the microscope pass from the field emission

gun (FEG), through several lenses and apertures to produce a controlled beam of electrons

that pass through the grid and absorb or elastically scatter upon interaction with the

13



sample, capturing information about the sample in the form of differential contrast in the

image recorded by the microscopes detector. Electrons are used because their small

wavelength allows images to be captured at a resolution much higher than that of light,

which is necessary to observe the structure of biomacromolecules on a molecular scale

[89]. The resulting contrast information is collected in the form of movies that need to be

motion corrected in order to account for beam induced motion of the grid and sample

particles within the ice. After motion correction, the contrast transfer function is solved

for each image in order to correct for artifacts in the imaging process such as defocus and

spherical aberrations which may blur the image and reduce resolution. Once images have

been sufficiently processed, single particle analysis begins with picking the coordinates of

particles in each image. Particles must be sufficiently homogenous and well centered or

subsequent classification and reconstruction may be negatively affected. Particle positions

are then used to extract sub-images of each particle and then 2D classification is used to

asses dataset quality and homogeneity. Bad particles are removed by iterative rounds of

2D classification to ensure that the dataset consists of particles that will be useful in 3D

reconstruction. At this stage an initial 3D model or density map of a similar structure is

procured in order to seed 3D classification, and any symmetry operations are applied to

the seed and the dataset. Several rounds of 3D classification are used to further ensure that

the dataset contains high-quality images suitable for reconstruction. At this stage 3D

classification also allows for the differentiation of classes that may represent different

dynamic states of the protein, so various 3D classes in differing conformations may be

separated for out later processing (Figure 1.6F, ”Single particle analysis”) [88, 90].

Refinement begins by seeding the refinement with a low resolution shape in order to

initiate projection alignment in Fourier space by the common lines method. The

projection-slice theorem states that a 2D projection of a 3D object in real space is

equivalent to taking a 2D slice of the fourier transform of a 3D object, therefore using
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projection matching in fourier space one may reconstruct the orientation of each

projection. To achieve this, theoretical reference projections of the seed shape are

generated and experimental data is matched to the theoretical references to determine the

likely orientation (Figure 1.6A-E) [90]. Upon reverse transform the 3D shape is updated

and then the resolution of the resulting shape is calculated with the use of a mask to

separate data from background noise using the gold standard FSC method [91]. This

process is iterated over many times using starting refinement data and masks from the

previous iteration to improve image alignments and optimize resolution estimates during

post processing (Figure 1.6A-E). At this stage particle polishing and CTF refinement may

be used to further improve image quality. These methods for improving data quality may

further improve high resolution reconstruction during subsequent iterations of refinement.

After resolution improvements from refinement have plateaued, the map is sharpened

based on signal to noise parameters present in the data to produce an optimal map for

model fitting (Figure 1.6, ”Single particle analysis”) [90, 92, 93]. Finally, software such

as MDFF or Phenix may be used to fit a homology model of the target protein into the

cryo-EM map. The map to model fit is iteratively improved based on model metrics from

EM-ringer, either automatically with MDFF or Phenix or manually fit by utilities such as

Coot or Isolde [94–97].

1.1.9 A Brief History of Adenovirus Structural Biology

A seminal paper in 1984 led by Jacques Dubochet at EMBL titled ”Cryo-Electron

Microscopy of viruses” first showed the potential of CryoEM by imaging adenovirus in

vitrified ice. This was considered the first ”Cryo-EM” paper, and demonstrates the

tractability of imaging viruses by this technique [99]. The first human adenovirus (Ad5)

structure was solved in 2010 by x-ray crystallography in Glen Nemerow’s lab at scripps

[100]. The next time an adenoviral structure was solved it was in the lab of Nemerow’s
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Figure 1.6: (A) the projection-slice theorem states that a projection of a 3D object can

be represented as a slice through the Fourier transform of that object. (B-E) Projection

mapping is a refinement method that uses the projection slice theorem to attempt to fit back

calculated Fourier transforms of a starting 3D shape with the Fourier transform of 2D data

in order to determine the orientations of each projection, and reconstruct the 3D object

in real space. By iteratively improving the structure, alignments in real space get better

and resolution improves with each refinement round as optimal projection orientations

are found. (F) Cryo electron microscopy begins with sample preparation. Flash freezing

samples in liquid ethane preserves their structure in vitrified ice and cools them to the

liquid nitrogen temperatures needed for data collection. Subsequent single particle analysis

involves image processing to produce optimal images, followed by 2D classification and

3D classification to improve the homogeneity of the dataset. After the date is sufficiently

homogeneous, iterative rounds of refinement and post processing produce 3D density maps

with improved resolution as image alignments improve [90, 98].
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student Vijay Reddy, who solved the structure 5TX1 of human adenovirus D 26 by

Cryo-EM to a resolution of 3.7Å in 2017 [101]. Finally, the highest resolution structure of

an adenovirus currently in the PDB to date is the 3.2Å 6B1T structure of adenovirus type

5, solved by Cryo-EM also in 2017 in Hong Zhou’s lab at UCLA [102]. These structures

represent a critical leap forward in understanding and engineering adenovirus based

vectors for the benefits of human health and disease prevention.

1.1.10 Advantages and Challenges of Adenovirus Cryo-em

Cryo-EM excels at imaging large, rigid protein assemblies with a high degree of

symmetry and homogeneity such as a viral capsid. As such, adenoviruses represent an

ideal target for high resolution Cryo-EM. The advantages of a large particle stem from the

fact that in TEM the contrast is derived from the amount of elastically scattered electrons

which reach the detector and form an image. In the case of large particles, many electrons

are scattered and therefore the signal produced by the particle is much larger than the

background noise, thus leading to particle images with very well defined features that are

easily classified and aligned during SPA. The advantages of symmetry reflect the fact that

images in a cryo-EM data set are a 2D projection of a 3D object in a distribution.

Therefore in order to reconstruct the 3D shape, the Fourier transform of the images is

computed and the image orientations are first determined using the common lines

algorithm to determine the precise amplitude and phase orientations of all projections

within the 3D shape. The amount of data or ”slices” to produce that shape is a limiting

factor to the resolution that can be obtained. When an object has icosahedral symmetry,

this data can be multiplied across every asymmetric unit and also the only orientations for

which ”slices” of data are needed correspond to the asymmetric unit of the viral capsid.

Because each particle contains 60 asymmetric units, all in varying orientations, this means

that the dataset can essentially be multiplied by 60 to produce the real number of useful
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particles used for reconstruction [6]. These advantages mean that high resolution

structures of adenovirus are highly tractable and readily achievable from a relatively small

number of particles. These factors make adenoviruses an ideal candidate for high

resolution Cryo-EM, however the adenovirus’s large size can also be a limitation. This is

because of the fact that the the projection theorem used to reconstruct the virus incorrectly

assumes that EM images are true projections and does not take into account the fact that

the image contains artifacts from electron interactions with the curved radius of the 3D

particle. The Ewald sphere describes the constellation of data points that represents a 3D

shape in Fourier space, in this case as it regards the Fourier transform performed during

reconstruction for the purpose of projection matching in refinement (This is similar to the

structure factors in a crystallographic dataset, which also represent the Fourier transform

of a 3D object in space as observed during diffraction) (Figure 1.6A). For small particles

with less depth and at lower resolution this effect is small, but for large particles like

adenoviruses the effects of assuming projections contain no artifacts from the 3D shape of

the object observed can produce significant aberrations that limit the resolution of the

reconstruction. Recently, methods for Ewald sphere correction have been implemented in

Relion that reliably improve the maximum resolution of large particle reconstruction

[103]. The details of this algorithm are outside the scope of this dissertation, however a

brief overview can be given as follows: the correction algorithm referred to as Prec in the

Bsoft and EMAN packages calculates the images’ 2D fourier transforms, applies contrast

transfer function (CTF) correction, and then calculates the Z coordinate for each Fourier

coefficient, thus correcting for the missing information about the Ewald sphere, before

adding the corrected coefficients to the corresponding points on the 3D reconstruction

Fourier transform[104, 105]. Therefore, upon amplitude weighting and reverse Fourier

transform into real space, the map has been corrected for Ewald sphere aberrations [103].

Other limitations of adenovirus SPA stem from the fact that large images must be used for
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refinement, meaning that during image processing massive amounts of computational

memory are required. Due to the nyquist limit, usually stated as half of the sampling rate

of a given signal, the maximum achievable resolution in an EM image is twice the pixel

size. An adenovirus particle must be processed with a pixel size of 1.3Å/pixel to

reasonably achieve map resolutions below 3Å. To reach this nyquist limit a very large box

size is needed. For perspective, an un binned adenovirus box size is on the order of 1400

pixels collected with an approximate 1.2Å/pixel size, meaning that the memory

requirements for refinement of a hypothetical 5000 particle data set are as follows:

Memory =
numberofparticles ∗ box_size ∗ box_size ∗ 4

(1024 ∗ 1024 ∗ 1024)
= 36.5Gb

Considering that this calculation does not account for a further 20% increase in dynamic

memory use depending on the function running in Relion, this estimate is well beyond the on

board memory of most GPUs and means that these data sets must be processed using CPU

cores, increasing processing times by orders of magnitude when compared with normal data

sets [92].

1.2 The RhoGEF Syx is Associated with Glioblastoma Tumor Invasion

1.2.1 Small GTPases and GEF Function

Rho GTPases make up a branch of the Ras-superfamily of small GTPases that

contains 154 known proteins that typically function as signaling nodes [106]. Hyper

activation of Rho GTPases can result in aberrant changes in cell proliferation and survival,

angiogenesis, cell-cell interactions, cell migration, and cell shape and polarity [107–110].

Here we focus heavily on cell migration, which is characterized by the formation of an
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apical edge of a cell, attachment of cellular protrusions to the surrounding extracellular

matrix, and contraction of actin filaments within the cell to pull it towards the leading

edge. All of these stages are directly linked to pathways modulated by Rho GTPase

signaling through kinase cascades propagated from downstream effectors. RhoA in

particular has been shown to be indispensable for modulating stress fiber production, cell

chemotaxis, and movement at the leading edge of cells, and to a lesser degree, cell

proliferation signals through it’s downstream effector proteins ROCK and Dia (Figure

1.7) [109–111].

Each member of the Ras-superfaimily contains a conserved 20 kDa G-domain

comprised of a mixed six-stranded β-sheet surrounded by five helices, which is

responsible for guanosine nucleotide binding and hydrolysis [106, 112]. These proteins

are often likened to a switch, however this simple “on” or “off” analogy is an over

simplification with respect to the signaling effects in the cell. It is more useful to think

about the behavior of a local population of GTPases functioning together. For this

analogy, a potentiometer controlled by a logic gate would be a more apt comparison given

that Ras family GTPases convey dynamic levels of signal propagation and integrate inputs

from a multitude of pathways to mediate a tightly controlled level of activation and

inactivation by upstream control proteins called GEFs and GAPs which are themselves

under spatiotemporal control (Figure 1.7). The mechanism by which these pathways are

regulated is based on conformational changes in the protein caused by guanosine

nucleoside binding [113]. When GDP is bound, the small GTPase is in its inactive state;

when GTP is bound, the small GTPase is in its active state and will interact with, and

activate, proteins downstream of it, promoting a signaling cascade until GTPase activity

hydrolyzes the GTP gamma phosphate, rendering RhoA back into its inactive GDP bound

state. RhoA and most other small GTPases are membrane-associated proteins that are

spatially targeted to different membrane locations within the cell based on the variable
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sequences at their C-terminus (Figure 1.7) [114]. In the case of RhoA, a cysteine is

modified by the addition of a gerynylgerynyl group by gerynylgerynyl transferase before

the protein is exported out of the ER and sent to the membrane surface [112, 115, 116].

The level of signal propagated through small GTPases is dynamically modulated by

two classes of proteins that mediate its activation or inactivation. GTPase Activating

Proteins or GAPs are inhibitory to signal proliferation. GAPs bind to small GTPases and

accelerate the hydrolysis of GTP to GDP thereby turning them off and inhibiting the

corresponding signaling cascade. Conversely, GEFs or Guanosine Exchange Factors bind

to the GTPases and distort the active site, facilitating the removal of GDP. GTP, found in

high concentrations in the cytosol, is subsequently bound to the GTPase, switching it to its

active form, releasing the GEF to continue catalyzing the activation of other Rho GTPases

(Figure 1.7) [107].

The Rho GTPase interactions with GEFs and GAPs are tightly regulated via

spatiotemporal mechanisms. In humans there are 83 known GEFs. The diffuse b-cell

lymphoma (Dbl) homologous class of GEFs possesses a 200 residue Dbl homology (DH)

domain that catalyzes the exchange of GDP for GTP, and an adjacent 100 residue

pleckstrin homology (PH) domain which can either enhance catalysis of nucleotide

exchange or inhibit it based on whether it is bound to the correct binding partner (Figure

1.7) [107, 112, 117, 118]. The PH domain is generally associated with binding the

negatively charged phosphorylated head group of phosphoinositol lipids which facilitate

spatial targeting and activation throughout the cell [119, 120]. In addition to these

domains, GEFs invariably have several other auto-inhibitory domains that are spatially

targeted to various locations in the cell, most notably receptor complexes where they

reside until the correct factors are in place to activate their cognate Rho GTPase, thus

propagating a signaling cascade [107, 112].
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Figure 1.7: The Rho GTPase cycle of activation and inactivation is dynamically regulated

by spatiotemporally targeted GEFs and GAPs to produce a tightly controlled downstream

signal in the form of a kinase cascade. Rho GTPases and RhoGEFs are spatially targeted to

the membrane where they function in conjunction with trans membrane receptor complexes

and scaffold proteins bound to multiple regulatory factors which may be influenced by lipid

phoshorylation dynamics to regulate multiple cell functions [107].
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1.2.2 Glioblastoma Epidemiology and Inadequacies with Current Treatment Strategies

Currently, patients diagnosed with glioblastoma multiforme (GBM) face a dismal

prognosis. Most patients with this form of brain cancer survive approximately one year,

with only 5% of patients surviving longer than five years [121]. Challenges to successful

treatment are due to the diffuse nature of these tumors, making eradication of all tumor

cells with surgery and radiotherapy difficult. There is currently no standard of treatment

for recurrent GBM. Aggressive growth and tumor invasion into the surrounding tissue

means that without effective targeted drug therapies, post-surgical outcomes are unlikely

to improve.

Tumor invasion and development of drug resistance are two of the greatest challenges

for the successful treatment of glioblastoma multiforme (GBM). GBM is the most

common and most aggressive form of brain cancer. Approximately 10,000 people in the

United States are diagnosed with GBM every year and mean survival times after

aggressive intervention are only 15 months due to rapid tumor growth and invasion of the

surrounding tissue. Current treatments for GBM require surgery followed by radiotherapy

and chemotherapy with temozolomide (TMZ) and subsequent treatment with the VEGF

targeting anti-angiogenic antibody Bevacizumab (Avastin) [122]. The heterogeneity and

diffuse nature of these tumors often makes traditional interventions like surgical removal

and radiotherapy very difficult [123]. Furthermore, the blood–brain barrier drastically

limits the effective absorption of chemotherapy agents and other drugs that might

otherwise be effective treatments. The resulting effects of these challenges is a fast

growing cancer with a high metastatic potential that often cannot be effectively removed

from the body, leaving many cells that can potentially develop resistance to chemotherapy

and cause recurrence of cancer. For recurrent GBM there is currently no effective

standard treatment when first line treatments fail [123].
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1.2.3 Syx Biology and Glioblastoma

Syx is a 1073 residue protein that is associated with promoting cell-cell junction

stability, and is known to bind to membrane associated NG2 bound poly PDZ domain

protein MUPP1 via its PDZ binding motif where it regulates tight junction maintenance

and cell polarity [124]. Syx GEF activity is inhibited by PKD-mediated

phosphorylation-dependent inhibitory binding of 14-3-3 proteins [125]. Syx shares

approximately 20% sequence homology with PDZRhoGEF, P115-RhoGEF, and

Leukemia Associated RhoGEF (LARG). Each of these proteins has been successfully

co-crystalized with RhoA [126–130]. In the case of LARG, computational drug design

resulted in a selective inhibitor Y16, which binds the hinge region between the DH and

PH domains. This hinge region and PH domain sequences are divergent among RhoGEFs,

indicating their potential to be selectively targeted by structurally guided drug design.

Syx has been extensively characterized by our collaborators the Anastasiadis lab at the

Mayo Clinic in Jacksonville [109, 125, 131–133]. They have conclusively shown that the

Syx is highly expressed in human gliomas and may play an important role in RhoA based

GBM proliferation and tumor invasion.

In 2013, Dachsel et al. showed that shRNA based knockdown of Syx in U251 cells, a

classic cellular model of human GBM, and resulted in dysregulation of microtubules, focal

adhesions, and static cell polarity (Figure 1.8) [131]. This manifested as an inability to

form an apical leading edge, resulting in inhibition of cell movement, as well as a striking

change in cell morphology from a typical cell shape to a “fried egg” phenotype during

scratch assays and trans well migration assays (Figure 1.8). In addition, they showed that

removing the C-terminal PDZ binding domain, shown to bind to members of the Crumbs

polarity complex and the proteoglycan NG2 at the inner cell membrane, will also result in

inhibition of chemotactic movement and characteristic “fried egg” phenotype seen in Syx
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knockdown experiments (Figure 1.8). This work suggests that inhibition of Syx could be a

powerful treatment to improve the survival of patients with glioblastoma.
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Figure 1.8: A) Western blot shows presence of Syx in several different glioblastoma

cell lines. HUVEC is used as a positive control. B) Western blot of Syx expression in

U251 cells with and without Syx targeted shRNA inhibition. C) Knockdown of Syx with

shRNA results in a morphological shift from normal cell shape with apical protrusions, to

a round “fried egg” morphology. D) Cell motility measured with and without shRNA Syx

inhibition. E) Cartoon for Syx behavior in the cell, where Syx depletion causes a reduction

in Dia mediated microtubule capture and bundling and an increase in ROCK activation

[131].
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Chapter 2

CHADOX1 INTERACTS WITH CAR AND PF4 WITH IMPLICATIONS FOR

THROMBOSIS WITH THROMBOCYTOPENIA SYNDROME

Alexander T. Baker†, Ryan J. Boyd†, Daipayan Sarkar‡, Alicia Teijeira-Crespo‡, Chun

Kit Chan‡, Emily Bates, Kasim Waraich, John Vant, Eric Wilson, Chloe D. Truong,

Magdalena Lipka-Lloyd, Petra Fromme, Josh Vermaas, Dewight Williams, LeeAnn

Machiesky, Meike Heurich, Bolni M. Nagalo, Lynda Coughlan, Scott Umlauf, Po-Lin

Chiu, Pierre J. Rizkallah, Taylor S. Cohen, Alan L. Parker, Abhishek Singharoy, and

Mitesh J. Borad

†,‡ authors contributed equally to this work

2.1 Abstract

Vaccines derived from chimpanzee adenovirus Y25 (ChAdOx1), human adenovirus

type 26 (HAdV-D26), and human adenovirus type 5 (Ad5) are critical in combatting the

SARS-CoV-2 pandemic. As part of the largest vaccination campaign in history, ultra-rare

side effects not seen in Phase-III trials, including thrombosis with thrombocytopenia

syndrome (TTS), a rare condition resembling Heparin induced Thrombocytopenia (HIT),

have been observed. This study demonstrates that all three adenoviruses deployed as

vaccination vectors versus SARS-CoV-2 bind to platelet factor 4 (PF4), a protein

implicated in the pathogenesis of HIT. We have determined the structure of the ChAdOx1

viral vector and utilised it in state-of-the-art computational simulations to demonstrate an

electrostatic interaction mechanism with PF4, which was confirmed experimentally by

surface plasmon resonance. These data confirm PF4 is capable of forming stable

complexes with clinically relevant adenoviruses, an important step in unraveling the

mechanisms underlying TTS.
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2.2 Introduction

The ChAdOx1 viral vector, adapted from chimpanzee adenovirus Y25 (ChAd-Y25), is

the basis for the ChAdOx1 nCoV-19 vaccine (AZD1222/Vaxzevria) [71]. ChAdOx1

nCoV-19 induces robust immunity against the severe acute respiratory coronavirus 2

(SARS-CoV-2), protecting against severe symptoms requiring hospitalization, in 100% of

clinical trial recipients, and infection of any severity, in approximately 70% [69, 134]. A

potentially life-threatening clotting disorder, thrombosis thrombocytopenia syndrome

(TTS), which presents similarly to heparin induced thrombocytopenia (HIT) has been

observed in a minority of AZD1222 recipients following the first dose, but not the second

[135–138]. Similar observations have been made in recipients of the Janssen

Ad26.COV2.S vaccine, derived from the species D human adenovirus type 26

(HAdV-D26)[137, 139]. The pathological mechanism underpinning this condition,

termed thrombosis with thrombocytopenia syndrome (TTS), is unknown, although recent

reports highlight a probable role for platelet factor 4 (PF4)[140, 141]. Detailed

mechanistic understanding of the virus/host interactions of adenovirus-derived vectors has

facilitated their advancement to the clinic. Previous work has shown that the presence of

pre-existing neutralizing antibodies targeting an adenoviral vector can limit therapeutic

efficacy, neutralizing the vector before it has therapeutic effect [66, 142]. Following

intravenous (IV) administration of Ad5, studies uncovered important in vivo interactions

including high-affinity interactions with coagulation factor X (FX), and/or platelets.

These interactions contribute to vector degradation, and consequently to reduced

therapeutic index [143–145]. Collectively, this knowledge drove the field to develop

adenoviral vectors with low seroprevalence, including ChAdOx1 and Ad26, and

engineering of capsid proteins to overcome these issues[10]. It is critical to investigate the

vector-host interactions of ChAdOx1 to determine how it may contribute to rare adverse
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events like TTS. Here, we characterized the capsid structure of ChAdOx1 and the primary

receptor binding fiber-knob protein. We used this structural information to investigate its

ability to interact with potential partners, including CD46, coxsackie and adenovirus

receptor (CAR), and PF4. We confirmed our observations in vitro using cell based

experiments, and surface plasmon resonance (SPR). These data clarify our understanding

of whether ChAdOx1 interacts with host proteins thought to be involved in

immunogenicity, HIT, and TTS.

2.3 Materials and Methods

2.3.1 Propagation of ChAdOx1 Virus

10 x T225 CellBind™ cell culture flasks (Corning) were seeded with approximately

5x106 HEK-293 T-Rex cells (Invitrogen) each. Cells were cultured in DMEM (Gibco)

supplemented with 10% heat inactivated fetal bovine serum and 1% penicillin/streptomycin

(Gibco) until 80% confluent. Cells were infected with ChAdOx1.eGFP, provided by the

Coughlan Lab (University of Maryland), at a multiplicity of infection of 0.01. Cells were

then monitored for cytopathic effect (CPE). When culture media turned yellow media was

replaced. Once CPE became evident, but the cells were not ready to be collected, yellowed

media was supplemented with sodium bicarbonate buffer (pH7.4, Gibco) until it reddened.

This was done to retain the virus released into the media. Once CPE was observed in >80%

of the cell monolayer the cells (5-8 days post infection) were dissociated from the flask by

knocking. The supernatant and cells were separated by centrifugation at 300g for 5mins,

both were stored at -80C until ready for purification.
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2.3.2 ChAdOx1 Purification

ChAdOx1 containing media was clarified by centrifugation at 4000RPM for 10mins in

a bench top centrifuge. Supernatant was then loaded into 38ml Ultraclear tubes

compatible with the SW28 rotor (Beckman-Coulter) and centrifuged at 100,000g for 1hr

in a Beckman-Coulter Optima XPN-100 ultracentrifuge. Supernatant was discarded and

the pellet, which was slightly yellow and sticky, was resuspended in 5ml PBS (pH7.4,

Gibco). This 5ml of PBS containing the ChAdOx1 from the supernatant was used to

resuspend the infected HEK-293 T-Rex pellet. This solution was then mixed in a 1:1 ratio

with tetrachloroethylene (TCE, Sigma-Aldrich) and shaken violently to ensure thorough

mixing. The virus, PBS, TCE mixture was then centrifuged at 2000RPM in a benchtop

centrifuge for 20minutes. The aqueous top layer of the solution was removed by pipetting

and placed into a new tube. A second TCE extraction was then performed by adding a

further 5ml of TCE to the aqueous layer, shaking, and centrifuging, as before. This is

performed to ensure maximum removal cell debris. Previous purifications which excluded

this second extraction showed fatty deposits when analysed by negative stain transmission

electron microscopy and resulted in viral aggregation. Next, the top, aqueous, layer was

extracted again and the remainder of the purification was performed using the 2 step CsCl

gradient method, as previous described[146], except for the following modification:

during the final extraction of the virus containing band, which should have a crisp white

appearance, the band was not removed using a needle through the side of the tube, but by

pipetting. A P1000 pipette was used to slowly withdraw fluid from the tube, taking from

the meniscus, careful not to disrupt the band. As much fluid was removed above the band

as possible, then a new pipette tip was used to withdraw the band from the meniscus in as

little volume as possible. This band was loaded into a 0.5mL Slide-A-Lyzer cassette with

a 100,000 MWCO (ThermoFisher) and dialysed against 1L of plunge freezing buffer

30



(150mM NaCl, 1mMMgCl2, 20mM Tris, pH7.4). This solution was used to prepare grids

for CryoEM.

2.3.3 Cryo-EM Grid Preparation

An UltrAuFoil grid (688-300-AU, Ted Pella Inc.) was glow-discharged on a PELCO

easiGlow (Ted Pella Inc.) for 30 seconds. A Vitribot Mark IV automated plunge freezer

(ThermoFisher) was used for blotting and freezing grids in liquid ethane using the following

protocol: the sample chamber was set to 25˚C and 100% humidity, 2.5 µl of sample was

applied onto both sides of the grid, and a blot force of 1 and a draining time of 3 second

were used for plunge freezing. The frozen grid was transferred to cryo-boxes under liquid

nitrogen for storage.

2.3.4 CryoEM Data Collection

The vitrified specimen was images using an FEI Titan Krios transmission electron

microscope (TEM, ThermoFisher) operating at an accelerating voltage of 300 keV with a

Gatan K2 Summit direct electron detector (DED) camera (Pleasanton, CA) at a nominal

magnification of 37,313 X, corresponding to a pixel size of 1.34 Å/pixel at the specimen

level. 2,875 movies, each consisting of 40 frames over the course of 8 seconds, were

collected in super-resolution mode with a sub-pixel size of 0.67 Å/pixel. Defocus setting

was cycled from -0.5 to -1.6 μm for each exposure. The dose rate was adjusted to 2.59

e-/pixel/second with 1.18 e-/Å2 per movie frame. Data were recorded and packed as a

4-bit and LZW-compressed TIFF format.

2.3.5 CryoEM Image Processing and Structure Determination

Datasets were processed using RELION (version 3.1.1) [92] on a workstation with an

Intel I7-6800K 3.4 GHz processor, 800Gb of memory, a 1Tb SSD drive, and 4 NVIDIA
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GTX 1080 GPUs. A large swap partition was set to 512 Gb. Motion correction was

performed using RELION with a binning factor of 2 and removing the first three frames.

CTF estimation was performed using CTFFIND (version 4.1). 8375 particles were picked

manually. Particles were extracted with a box size of 1,440 pixels and then Fourier

cropped to 512 pixels for particle curation and initial model building. Iterative 2D image

classification was used to curate the data and poorly aligned particles were removed from

the final image stack. An Ab initio model was generated using stochastic gradient descent

method without imposing any symmetry. The model was then aligned with its phase

origin with an icosahedral symmetry using relion_align_symmetry program before

being used as a reference map for 3D classification. The selected 3D class was selected

for further refinement. The refined particle images were re-extracted without rescaling

and were curated using 2D classification without alignment. The final model was refined

against the selected 5,748 particles supplying with a mask to remove the pixels within the

inner sphere of a radius of 285 Å. The resolution was determined at 4.17 Å using

gold-standard Fourier-shell correlation criteria [91]. Particles were re-extracted at a 1260

pixel box size to reduce Nyquist limitations. Refinement at this box size could not be run

with GPU acceleration due to limitations in video card memory and therefore took careful

consideration of memory requirements. Each iteration of refinement took approximately 3

days to finish while running on 9 MPI cores. Particles underwent CTF refinement with

magnification anisotropy which resulted in a 3.50Å map after refinement. This was

followed by further CTF correction which improved the map resolution to approximately

3.32Å. Bayesian polishing resulted in negligible improvements. Finally, The Ewald

sphere curvature was corrected to yield a final map with an average resolution of 3.07Å as

determined by RELION’s implementation of gold standard FSC[147] or 3.04Å as

determined by Phenix’s phenix.mtriage function. The resulting map was sharpened

with DeepEMhancer using highRes, tightTarget, and wideTarget training models
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and required 2.5 days to run on 4 Nvidia V100 GPUs.
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Figure 2.1: Validation statistics for CryoEM ChAdOx1 structure. Particles were hand

picked from micrographs and 2D classified (A). After classification and refinement (B) a

3.3A volume was generated with acceptable Fourier shell correlation (C). Slices through the

ChAdOx1 CryoEM volume show the localized resolution at the capsid interior has higher

resolution information than the exterior which containsmore flexible regions. An equatorial

slice shows greater detail on the capsid interior, revealed in more detail by slices at points

further along the 5-fold axis (D). The map enabled fitting of an atomic model (E, F).
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ChAdOx1 capsid model building

The amino acid sequence of the ChAdOx1 virus capsid proteins are described in the

genome sequence of the source chimpanzee adenovirus type Y25 (ChAdV-Y25) used to

develop the ChAdOx1 vector (NC_017825.1). There are no differences between

ChAdOx1 and Y25 in the capsid proteins. The I-TASSER webserver[148] or

SWISS-MODEL[149](48) was used to build homology models of the various ChAdOx1

capsid proteins. Initially, the atomic models obtained from the web-server were rigid body

fitted to the capsid density map using ChimeraX[150], first by manual placement and then

using the fit in map algorithm, beginning with the hexons, then the penton, pVIII, pIX,

pIIIa, respectively, until a full asymmetric unit had been assembled. After initial

placement of the atomic model inside the density map, the model was fitted using the

method molecular dynamics flexible fitting (MDFF) in explicit solvent[97, 151]. To avoid

fitting of atomic models into adjacent density, additional protein models were added

surrounding the asymmetric unit to occupy those regions of the density map. This

‘buffered’ asymmetric unit was then subjected to another round of MDFF in explicit

solvent to improve the quality of fit to the density map, while accounting for

protein-protein interactions between protein sub-units. Models were then inspected and

loop regions with low-resolution density were manually modelled using ISOLDE(52).

The model was further refined using symmetry restrained MDFF to address clashes

between asymmetric units and further improve the local fits at the asymmetric unit

edge[152]. All MDFF simulations were performed in NAMD 2.14[153] using the

CHARMM36[154] force field for protein, water and ions at 300 K. The initial system for

every MDFF simulation was prepared using the software Visual Molecular Dynamics,

VMD 1.9.3[155]. The potential energy function (UEM), obtained by converting from the

EM density map was applied to the protein backbone during flexible fitting with a g-scale
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of 0.3. During flexible fitting, standard restraints were applied to maintain secondary

structure, cis-peptide and chirality in protein structures[156]. The model was then further

refined using ISOLDE as implemented in ChimeraX. Finally, residues for which there

was no signal were deleted from the model.

2.3.6 Crystallization and Structure Determination of the ChAdOx1 Fiber-knob Protein

Production and purification of ChAdOx1 fiber-knob protein

The method used to purify ChAdOx1 fiber-knob protein is identical to that described for

HAdV-D26 and HAdV-D48, previously. To summarise, SG13009 E. coli containing the

pREP-4 plasmid were transfected with pQE-30 expression vector containing the

ChAdOx1 fiber-knob transgene, located C-terminal to the 6His tag site, consisting of the

13 residues preceding the TLW motif to the terminal residue. These E. coli were selected

in 100μg/mL of Ampicillin and 50μg/mL of Kanamycin. They were cultured in 25ml LB

broth with 100µg/ml ampicillin and 50µg/ml kanamycin overnight from glycerol stocks.

2L of Terrific Broth (Terrific broth, modified, Sigma-Aldrich) containing 100µg/ml

ampicillin and 50µg/ml kanamycin were inoculated with the overnight culture and

incubated at 37°C for 4 hrs until it reached an optical density (OD) of 0.6 at λ570nm.

Once it reached the OD0.6 IPTG at a final concentration of 0.5mM was added and the

culture was incubated for 18hrs at 21°C. Cells were harvested by centrifugation at 3,000xg

for 10 mins at 4�C, resuspended in lysis buffer (50mM Tris, pH8.0, 300mM NaCl, 1%

(v/v) NP40, 1mg/ml Lysozyme, 1mM β-Mercaptoethanol, 10mM Imidazole), and

incubated for 15min shaking at room temperature. Lysate was then centrifuged at

30,000xg for 20 min at 4°C and filtrated through 0.22µm syringe filter (Milipore,

Abingdon, UK). The filtered lysate was then loaded to 5ml HisTrap FF nickel affinity

chromatography column (GE Life Science) at 2.0ml/min and washed with 15ml into
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elution buffer A (50mM Tris-HCl or-Base pH8.0, 300mM NaCl, 1mM

β-Mercaptoethanol). Elution was done using a gradient rate of 20min/ml from of buffer B

(50mM Tris pH8.0, 300mM NaCl, 1mM β-Mercaptoethanol, 400mM imidazole).

Collected fractions were concentrated by centrifugation using a Vivaspin 10,000 MWCO

column (Sartorious, Goettingen, Germany) and analyzed by a SDS-PAGE gel stained with

Coomassie Blue (correct bands are approximately 25kDa). A second round of purification

was performed using a GE 10/300 GL Increase Superdex 200 (GE Life Science) size

exclusion chromatography at 0.5 ml/min and washed with 50ml of Baker Buffer (50mM

NaCl, 10mM Tris pH 7.6). Fractions were then analysed using an SDS-PAGE gel stained

with Coomassie Blue to check purity and molecular weight.

Crystallization conditions

Final protein concentration was 13.5 mg/ml. For crystallization The BCS and PACT

Premier commercial crystallization screens (Molecular Dimensions) were used. Crystals

were grown at 20°C in sitting drops containing 1:1 (v/v) ratio of protein to mother liquor.

Microseeding was required for optimal crystal growth. Microseeding experiment was

set-up using Mosquito crystallization robot. Crystals appeared between 5-14 days.

Crystallization condition for solved structure was 0.1 M Calcium chloride dihydrate, 0.1

M Magnesium chloride hexahydrate, 0.1 M PIPES pH7.0, 22.5% v/v PEG Smear Medium

and 0.2 M Calcium chloride dihydrate, 0.1 M Tris pH8.0, 20% w/v PEG 6000.

Structure determination

Diffraction data were recorded on DIAMOND beamline DLS-I03, using GDA to control

data collection. Automatic data reduction was completed with XDS and DIALS, and

equivalents scaled and merged with AIMLESS and TRUNCATE[157]. The unique data

set was used in PHASER to solve the structure with Molecular Replacement, using a
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search model prepared by SWISS-MODEL based on the structure of Adenovirus C5 fiber

knob protein, PDB entry 1KNB[158]. Repeated cycles of graphics sessions in

COOT[159] and refinement in REFMAC5 resulted in the final model presented in this

manuscript. It became clear that the data set suffered from twinning, which was

automatically determined in REFMAC5 as 1 twin law, with a fraction of 0.15. Details of

data collection and refinement statistics are included in supplamental figure 2.9A. Final

coordinates are deposited in the wwPDB as entry 7OP2.

2.3.7 Modelling of Fiber-knob CAR Interfaces

The pre-existing structure of the HAdV-D37 fiber-knob in complex with CAR D1

(PDB 2J12)[160] was used as a template by which to fit other fiber-knob proteins, as

previously described. The pre-existing structure of HAdV-C5 (PDB 1KNB)[158] and

HAdV-B35 (PDB 2QLK)[161] were aligned to the HAdV-D37 fiber knob in PyMOL

using the ‘cealign’ command, as was the fiber-knob structure of ChAdOx1[162]. New

models were saved containing the three CAR chains and one of the fitted chimeric

fiber-knob trimers. These homology models underwent 10,000 steps of energy

minimization using a conjugate gradient and line search algorithm native to NAMD[153]

and equilibrated by a short 2ns molecular dynamics simulation. These models, seen in

A-C figure 2.3, A-C and extended figure 2.13 and binding interaction between the all

three fiber-knob and CAR protein-protein interfaces were scored at each frame of the MD

trajectory using the Rosetta InterfaceAnalyzer tool[163, 164].

2.3.8 Determination of Relative IC50 Values of CAR and CD46 Binding for Fiber-knob

Proteins

Antibody binding inhibition assays were performed as previously described[165].

CHO-CAR and CHO-BC1 cells were harvested and 40,000 cells per well were transferred
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to a 96-well V-bottomed plate (NuncTM; 249662). Cells were washed with cold PBS

prior to seeding and kept on ice. Serial dilutions of recombinant soluble knob protein were

made up in serum-free RPMI-1640 to give a final concentration range of

0.00001–100μg/105 cells. Recombinant fiber knob protein dilutions were added in

triplicate to the cells and incubated on ice for 30 minutes. Unbound fiber knob protein was

removed by washing twice in cold PBS and primary CAR RmcB (Millipore; 05-644) or

primary CD46 MEM-258 (ThermoFisher; MA1-82140) antibody was added to bind the

appropriate receptor. Primary antibody was removed after 1h incubation on ice and cells

were washed twice further in PBS and incubated on ice for 30 minutes with Alexa-488

labelled goat anti-mouse secondary antibody (ThermoFisher; A-11001). Antibodies were

diluted to a concentration of 2μg/mL in PBS. Cells were washed and fixed using 4%

paraformaldehyde and staining detected using BD Accuri™ C6 cytometer (BD

Bioscience). Analysis was performed using FlowJo v10 (FlowJo, LLC) by sequential

gating on cell population, singlets and Alexa-488 positive cells compared to an unstained

control. Total fluorescence intensity (TFI) was determined as the Alexa-488 positive

single cell population multiplied by median fluorescence intensity (MFI) and IC50 curves

were fitted by non-linear regression using GraphPad Prism software to determine the IC50

concentrations.

2.3.9 SPR Binding Assays

For Fiber-knob receptors

Binding analysis was performed using a BIAcore T200™ equipped with a CM5 sensor

chip. Approximately 2000RU of CAR, DSG2 and CD46, was attached to the CM5 sensor

chip, using amine coupling, at a slow flow-rate of 10μl/min. A blank flow cell was used

as a negative control surface on flow cell 1. All measurements were performed at 25°C in
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PBS buffer (Sigma, UK) with 0.001% added P20 surfactant (GE Healthcare) at 30µl/min.

For binding analysis, the HAdV-C5, HAdV-B35 and ChAdOX fiber knob proteins were

purified and flown over each sensor chip surface at a concentration of 0.5�M to confirm

binding. To determine binding kinetics (on rate, ka (1/Ms); off rate, kd (1/s)) and affinity

(KD (nM)), 1:2 serial dilutions were prepared for HAdV-C5K, HAdV-B35K and ChAdOX

fiber knob proteins and injected over CAR, DSG2 and CD46 immobilised on each sensor

chip surface. The equilibrium binding constant (KD) and kinetic values were calculated

assuming a 1:1 interaction using the BIAevaluation software.

For PF4 interactions

Assays were performed using a BIAcore T200TM, Cytiva (formerly GE Healthcare). The

assay immobilization buffer was HBS-EP+ (10mM HEPES, 150mM NaCl, 3mM EDTA

and 0.05% v/v Surfactant P20). Virus at 1x1011VP/ml was diluted 1:5 in acetate 4.5

buffer and immobilized to a C1 sensor chip using a standard amine coupling protocol and

a 15 min sample injection time. Typically, 400-500 RU (response units) of virus was

immobilized. A reference sensor surface was created using the same amine coupling

protocol but without the virus. Samples were injected with an association time of 60-120

sec and a dissociation time of 60-120 sec at a flow rate of 50uL/min. The surface was

regenerated with a 30 second injection of 25mM NaOH at a flow rate of 50ul/min. All

sensorgram plots were subtracted from the reference flow cell and a buffer cycle to

remove the non-specific responses, bulk refractive index changes and systematic

instrument noise For the salt gradient experiments, PF4 protein was diluted to 2000nM in

HBS-EP+ with 1% BSA with various NaCl concentrations for the NaCl gradient

experiments. For binding affinity measurements, PF4 was diluted to 3000nM in

PBS+0.5% BSA. Two independent concentration series of PF4 was prepare using 1:3

dilutions. PF4 binding data was fit using the Biacore T200 Evaluation software using the
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steady state affinity model. For heparin competition injections. PF4 was prepared to

2000nM and heparin was prepared to 200,000nM in PBS+1% BSA. Samples were

prepared as described: heparin alone (1:1 mix heparin stock + buffer), PF4 alone (1:1 mix

of PF4 + buffer) and heparin + PF4 (1:1 mix of heparin stock and PF4 stock to a final

molar ratio of 100:1).

2.3.10 Sequence Alignments

Sequence alignments were performed using the Clustal Omega algorithm as

implemented in Expasy[166].

2.3.11 Electrostatic Surface Calculations

The electrostatic effect from the icosahedral facet of ChAdOx1 on any point

r = (x, y, z) of its surrounding environment is quantified by its electrostatic potential at r,

which is denoted as V (r). This potential V was determined using the code, Adaptative

Poisson-Boltzmann Solver (APBS)(66). APBS computed V using the charge distribution

of ChAdOx1, the ion concentration of the environment surrounding ChAdOx1, and the

permittivity of the environment. The computed V thus took into account the presence of

counter ions in and the polarizability of the environment, which was a bulk of water

molecules in our study. As the sign, + or -, of V (r) is highly correlated with the number

of positive or negative charges around r, the potential for platelet factor 4 (PF4) was also

computed to visualize the overall charge distribution of PF4 upon its binding to

ChAdOx1. The starting model for PF4 and PF4 in complex with fondaparinux was PDB

1RHP and 4R9W, respectively.
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2.3.12 Brownian Dynamics Simulation of the Icosahedral Facet in Solution with PF4

Multi-replica Brownian dynamics (BD) simulations were performed using the code,

Atomic Resolution Brownian Dynamics (ARBD)[167]. During the simulations, copies of

PF4 were treated as rigid bodies diffusing in the neighborhood of the icosahedral facet of

ChAdOx1 in solution. The equation of motion (EOM) obeyed by each copy of PF4 for its

diffusion in BD simulations is the over-damped Langevin dynamics. This EOM requires

knowledge of the forces from the environment on PF4 as well as its damping coefficients

with the environment. These coefficients, translational damping coefficients and

rotational damping coefficients, were determined using the code, Hydropro[168]. The

forces from the environment on PF4 consisted of 2 parts. The 1st part consisted of the

random forces from thermal fluctuations. These random forces were automatically

generated by ARBD during simulations based on the system temperature T, which is

310K here. The 2nd part consisted of the electrostatic force and the Van der Waals (VdW)

force on PF4 from the icosahedral facet. The electrostatic force on PF4 with its center of

mass (COM) at any point r was computed by ARBD automatically using the electrostatic

potential V of the icosahedral facet and the charge distributions of PF4 around r.

Similarly, we specify the VdW force between the icosahedral facet and PF4 using a

potential, the Lennard-Jones (LJ) potential, denoted as U here. This potential U was

computed using the code, Visual Molecular Dynamics (VMD)[155]. LJ parameters

needed for this computation were adopted from the Charmm36m force field[169]. The

various potentials for the icosahedral facet and the damping coefficients for PF4 were feed

into ARBD for multi-replica BD simulations. Our work employed 16 replicas of

simulations in parallel. Each replica lasted for a simulation time of 2μs and simulated 25

copies of PF4 diffusing around the icosahedral facet. During the simulations, these 25

copies of PF4 were only allowed to interact with the icosahedral facet and did not interact
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with one another. Thus, together, we performed 400 independent diffusion simulations

with PF4. During each of these simulations, PF4 was allowed to bind to, or unbind, from

the icosahedral facet. It is important to note that the residence time for each of these

binding events is usually 2-3 order of magnitudes different compared with the real binding

time. This is because the post-binding conformational changes of PF4, which often

stabilize the interaction, are not sampled. Further, the simulations are performed in an

implicit solvent environment, which is known to accelerate protein dynamics and

diffusion, even in MD. Flexibility was simulated by applying a 3-dimensional normal

distribution with a standard deviation of 2Å on each axis to each atom.

2.4 Results

2.4.1 The Structure of the ChAdOx1/ChAd-Y25 Viral Capsid

Determined at 3.07Å resolution, ChAdOx1 possesses the quintessential icosahedral

adenovirus capsid structure (Fig. 2.2A). As in other adenovirus structures solved by single

particle cryo-EM, local resolution is higher on the more ordered interior of the capsid

while the flexible components on the capsids’ exterior result in less resolved signal (Fig.

2.1). The asymmetric unit contains the expected penton monomer, one peripentonal, two

secondary, and one tertiary hexon trimers, one peripentonal and one secondary copy of

pVIII, and partial density for the pIIIa protein (Fig. 2.2B, C). The pentameric penton

protein, located at the twelve 5-fold icosahedral vertices, had weaker signal (Fig. 2.2B,

C), which could indicate a less well-ordered, or less stably interacting, protein than those

observed in previous cryo-EM structures of HAdV-D26 and HAdV-C5. As in other

reported structures, the penton RGD loop (residues 305-335), which, is responsible for

binding to integrins following attachment to the cell surface via the fiber-knob protein,

was left unmodelled due to a lack of signal, indicative of its flexibility. pVIII (Fig. 2.2C)
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was well resolved, barring residues 103-163, for which we observed no signal (Fig. 2.2E),

in line with the observations of other groups[101, 102]. Partial density was observed for

pIIIa, concentrated near the base of the penton (Fig. 2.2C). We observed partial densities

for twelve copies of pVI in the base of the hexons which adopted two conformations,

either wrapping around the hexon interior before extending into the capsid core, or

extending directly out of the base of the hexon to wrap over the top of pVIII (Fig. 2.2C).

Hexon was well resolved, including the hypervariable regions (HVRs) on the exterior

(Fig. 2.2C), enabling a complete reconstruction. Reconstruction of the full capsid atomic

model results in minimal clashes between asymmetric units and reconstructs a full

icosahedral capsid (Fig. 2.2D). The trimeric fiber protein, consisting of a long flexible

shaft terminating in the globular knob domain, was not modelled as only some poorly

resolved portions of the shaft were visible, likely due to its flexibility (Fig. 2.1). Instead,

the fiber-knob was solved by crystallography.

2.4.2 CAR is a High Affinity ChAdOx1 Fiber-knob Receptor

Adenovirus fiber-knob is responsible for the primary virus-cell interaction during

infection. To investigate primary ChAdOx1 receptors we solved the structure of the

ChAdOx1 fiber-knob receptor (Fig. 2.3A). Data from one crystal were used for the final

structure analysis (Fig. 2.9A), showing P1 symmetry with cell dimensions a=98.427Å,

b=112.26Å, c=98.605Å, β=92.6°. Diffraction data were scaled and merged at 1.59Å

resolution. The fiber-knob shows the expected three monomers assembling into a

homotrimer with 3-fold symmetry (Fig. 2.3A), packed into an asymmetric unit containing

4 trimeric copies (Fig. 2.10B). The electron density map was of sufficient quality to

determine side chain conformations throughout most of the structure (Fig. 2.9C-D).

Super-positioning of the previously reported structure of HAdV-C5 fiber-knob and our

structure of the ChAdOx1 fiber-knob protein show that fold homology is high, despite
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Figure 2.2: Capsid structure of the ChAdOx1 viral vector. CryoEM volume data for

ChAdOx1 shows an archetypical adenovirus icosahedron (A) This volume resolved to show

an asymmetric unit containing one penton copy (green), one trimeric peripentonal hexon

(blue), two 2’ hexons (cyan), one 3’ hexon (purple), a 4-helix bundle corresponding to four

copies of pIX (yellow), a peripentonal pVIII (magenta), a 2’ pVIII (pink), partial density

for a pIIIa protein (orange), and 6 copies of pVI (red), seen from the capsid exterior (B)

and interior (C) in their associated volume. Repeating these asymmetric units with T25

icosahedral symmetry enables the reconstruction of a full ChAdOx1 capsid model (D).

only 64.86% amino acid sequence homology, including in the loops, with a root mean

square deviation of 1.4Å (Fig. 2.3B). There is much lower homology between ChAdOx1

and HAdV-B35 fiber knob. The core fold is similar, but the loops are divergent (Fig.
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2.3C). Using the structure of HAdV-D37 fiber-knob in complex with CAR as a template,

we generated models of the ChAdOx1, HAdV-C5 (a CAR interacting adenovirus), and

HAdV-B35 (a CD46 interacting adenovirus, which does not bind CAR) fiber-knobs, in

complex with CAR (Fig. 2.10A-C). ChAdOx1 and HAdV-C5 were both predicted to form

numerous polar contacts with CAR (Fig. 2.3D-E), with HAdV-B35 forming very few

(Fig. 2.3F). Rosetta interface energy calculations supported these observations, suggesting

the strongest CAR interaction was formed by HAdV-C5, followed by ChAdOx1, then

HAdV-B35 fiber-knob (Fig. 2.3G). These calculations are in line with previous

observations[165]. Mapping interacting residues back to the ChAdOx1 sequence shows

several predicted CAR binding residues are shared with HAdV-D26 and HAdV-C5 fiber

knobs (Fig. 2.3H). To validate these predicted CAR interactions, we performed surface

plasmon resonance of ChAdOx1, HAdV-C5, and HAdV-B35 fiber-knob proteins binding

CAR or CD46. This confirmed HAdV-C5 and ChAdOx1 fiber-knobs bind strongly to

CAR, but not CD46. HAdV-B35 binds strongly to CD46. HAdV-C5 remains the

strongest known CAR binding adenovirus with a KD of 0.06nM, with ChAdOx1 binding

at 7.16nM; not as strong as HAdV-C5 due to a slower Ka. These results are summarized

in figure 3A. Surface Plasmon Resonance traces are in extended figure 4A-C. We assessed

if these three fiber-knobs bind CD46 and desmoglein 2 (DSG2). ChAdOx1 formed a weak

interaction with CD46 with very fast on (ka) and off (kd) kinetics (Fig. 2.11E). We

observed a weak interaction between HAdV-B35 and CAR, likely indicative of

non-specific incidental interactions (Fig. 2.11F). We validated these finding in a cellular

context using antibody inhibition assays in CHO-CAR cells, which express CAR but are

negative for other known primary adenovirus receptors. HAdV-C5 showed the strongest

CAR binding affinity (lowest IC50) followed by ChAdOx1.HAdV-B35 demonstrated

weak CAR binding affinity (IC50 >1000X higher) (Fig. 2.4B). It is possible that very high

HAdV-B35 fiber-knob protein concentrations give a false signal via non-specific CAR
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interactions in both this, and the SPR experiments. A similar analysis in CHO-BC1 cells,

expressing CD46-BC1 isoform but no other known primary adenovirus receptors,

determined that HAdV-B35, had a strong CD46 interaction, while HAdV-C5and

ChAdOx1 fiber-knobs did not have a measurable ability to prevent anti-CD46 antibody

binding (Fig. 2.4C). These experiments, summarized in figure 3D, are robust evidence

that ChAdOx1 uses CAR as a primary receptor, not CD46 or DSG2.

2.4.3 Charge Complementarity Facilitates a ChAdOx1 Complex with Platelet Factor 4

Recent reports indicate that ChAdOx1 may interact with PF4, which is involved in

HIT which has a similar clinical presentation to TTS [140]. We used SPR to investigate

whether PF4 can interact with highly pure preparations of adenovirus derived vaccine

vectors Ad26, Ad5, ChAdOx1, or to the vaccine preparation of ChAdOx1, AZD1222.

ChAdOx1, Ad5, and Ad26, were observed to bind to PF4 with affinities of 661nM,

789nM, and 301nM, respectively (Fig. 2.5). AZD1222 was observed to have a similar

affinity to PF4 as the purified virus counterpart, with an affinity of 514nM (Fig. 2.6)

Specificity of PF4 binding was confirmed by anti-PF4 antibody binding to the

ChAdOx1/PF4 complex on the chip (Fig. 2.6A). This demonstrates the ability of

antibodies to bind to PF4 while it remains in complex with ChAdOx1. We repeated the

SPR experiments using different salt concentrations and observed a reduced PF4 binding

with increasing salt, suggesting an electrostatic interaction (Fig. 2.6B). Continuum

electrostatic surface potential calculations show the capsid of ChAdOx1 has an

electronegative surface potential of <-1.5kBT across approximately 90% of its surface,

interrupted in inter-hexon spaces occupied by pIX, where the surface potential rises to

>-0.5KBT (Fig. 2.5C,13A). We compared the surface potential to that of HAdV-D26,

which is also implicated in TTS. HAdV-D26 has an overall electronegative surface

potential, but less strong than ChAdOx1 at <-1.0kBT. In contrast to ChAdOx1, we
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Figure 2.3: ChAdOx1 and HAdV-C5 have tight homology and form CAR contacts.

The crystallographic structure of the ChAdOx1 fiber-knob (Cyan) shows the archetypical

homotrimer (A) and aligns closely to the HAdV-C5 fiber-knob (orange) with an RMSD of

1.4Å (B), but does not closely align to the HAdV-B35 fiber-knob (purple, C). Homology

models equilibrated by molecular dynamics show ChAdOx1 (D) and HAdV-C5 fiber knobs

(E) form numerous polar contacts (red dashes) with CAR (white ribbon), though HAdV-

B35 (F) forms few. Free energy calculations in Rosetta shows HAdV-C5 forms the

strongest predicted interaction with CAR, followed by ChAdOx1, then HAdVoB35 (G).

Mapping the predicted contact residues (blue highlight) in HAdV-C5 and ChAdOx1 to the

clustalω aligned sequences shows similar contact residues are conserved in HAdV-D26 (H).

****<0.001

observe regions of positive potential, up to >+1.5kBT, recessed in the inter-hexon spaces

(Fig. 2.6D, 2.13B). In both viruses the positive potential is driven by apical regions of
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Figure 2.4: hAdOx1 fiber-knob binds to CAR as a high affinity receptor. Surface

Plasmon resonance (SPR) experiments demonstrated HAdV-C5 and ChAdOx1 form high

affinity interactions with coxsackie and adenovirus receptor (CAR), and HAdV-B35 forms

high affinity interactions with CD46 (A). Antibody inhibition experiments on CHO-CAR

(B) and (CD46-BC1 isoform expressing) CHO-BC1 (C) cells show HAdV-C5 (orange) and

ChAdOx1 (cyan) bind CAR with high affinity but not CD46, while HAdV-B35 (purple)

binds to CAR with very weak affinity and CD46 with high affinity (D).

adenovirus’ major capsid protein, hexon, which we calculated to be most negative in

ChAdOx1, followed by HAdV-C5, then HAdV-D26 (Fig. 2.13C). We also observed that

PF4 has a strong electropositive surface potential (Fig. 2.6D). These observations are

consistent with an electrostatic mechanism of interaction between ChAdOx1 and PF4.

2.4.4 PF4 Binds to ChAdOx1 in the Inter-hexon Space

To investigate a potential binding mechanism, we performed Brownian Dynamics

simulations of PF4 with the ChAdOx1 or HAdV-D26 capsid structure. Results show

freely diffusing PF4 frequently contacts the capsid surface of ChAdOx1 between the

hexons, most commonly at the interfaces of 3 hexons where negative charge is

concentrated, and the inter-hexon space is maximized (Fig. 2.7A). HAdV-D26 also forms

contacts with PF4, but less frequently (Fig. 2.7B). These simulations represent possible
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Figure 2.5: Clinical adenoviruses bind to PF4 with nM affinity. Single injection

SPR experiments show ChAdOx1 (A) Ad5 (B) and Ad26 (C) form stable, reproducible,

interactions with PF4. Affinity was calculated using the steady state model (D) and the

curve showed close fit to the tested concentrations (inset figures).

binding initiation events should not be used to interpret relative affinity of interactions.

Analysis of an exemplar ChAdOx1/PF4 binding event at the 3-fold hexon interface shows
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Figure 2.6: ChAdOx1 creates a stable complex with PF4 and is highly electronegative.

A two injection SPR experiment showed that following PF4 binding to the ChAdOx1

capsid a polyclonal αPF4 was able to bind to the surface of the chip indicating a

ChAdOx1/PF4/antibody complex (A). Similar SPR experiments show decreasing PF4

binding at increasing concentrations of NaCl (B). Visualization of the capsid (3-vertices

shown) of ChAdOx1 (C) andAd26 (D) show the electrostatic potential at -0.5KBT (yellow),

-1.0KBT (orange), -1.5KBT (red), 0.5KBT (cyan), 1.0KBT (blue), and 1.5KBT (dark

blue). Electronegative potential is focused at the apex of the hexons. ChAdOx1 is

more electronegative than HAdV-D26 with negative charge extending into the inter-hexon

spaces, while in HAdV-D26 has electropositive charge in these regions. A more detailed

capsid view is available in extended figure 6.
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the electropositive faces of PF4, occurring along its longest axis, oriented to face the

electronegative potential of the surrounding hexons (Fig. 2.7C). To assess whether this

orientation was a requirement for binding we performed a clustering analysis of the

contacts in our simulation. The analysis indicates PF4 is similarly orientated to the

example in Figure 6C in all contact instances (Fig. 2.7D). This common binding pose

supports the idea that the ChAdOx1/PF4 interaction has specific determinants. To identify

amino acids which are potentially important for the ChAdOx1/PF4 interaction we

calculated the frequency of contacts between PF4 and the ChAdOx1 hexons in Brownian

Dynamics simulations. These indicate PF4 contacts residues in the hypervariable regions

(HVRs) of ChAdOx1 (Fig. 2.7E-F). The HVRs face into the space between the hexons

and are highly flexible, creating a fluctuating volume in the inter-hexon space (Fig.

2.7A-B).

2.4.5 ChAdOx1/PF4 Complex Formation is Inhibited by Heparin

Heparin is also a key component in the mechanism for HIT, binding to multiple copies

of PF4 and forming aggregates with anti-PF4 antibodies which stimulate platelet

activation via FcγRIIa. We performed SPR and brownian dynamics experiments to test

what effect heparin binding to PF4 has on the ability of PF4 to bind ChAdOx1. In

Brownian dynamics experiments we observed that PF4 in complex with fondaparinux, an

anticoagulant drug composed of the PF4 binding heparin pentasaccharide, significantly

reduced the number of binding initiation events with the ChAdOx1 capsid surface (Fig.

2.15A-C). In purified ChAdOx1, and the AZD1222 vaccine preparation, we observed PF4

binding to ChAdOx1 was strongly inhibited by pre-incubation with heparin (Fig. 2.8A,

Fig. 2.14D). Continuum electrostatic calculations of PF4 and PF4 in complex with

fondaparinux show the electronegative potential of PF4 is ablated in the presence of

fondaparinux (Fig. 2.8B-C). We infer that this weakened electropositive potential may
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Figure 2.7: PF4 binds to ChAdOx1 in the inter-hexon spaces more frequently than

it binds to Ad26. Brownian dynamics simulations of PF4 in solution with the facet show

the locations at which PF4 makes contact with the facet (red spots) of ChAdOx1 (A) and

Ad26 (B) showing the most common interaction locus is the space between 3 hexons, where

the PF4 (purple) is observed to sink into the space between hexons exposing electropositive

regions to the electronegative hexons (C). Analysis of PF4 binding events shows PF4 always

forms contacts with ChAdOx1 oriented with its longest axis most normal to the plane of

the hexon (D). Certain hexon residues are more commonly involved in the PF4 interaction

(E), red residues interact >50% of the time, magenta >20%, blue 20-1%. All these residues

are within the HVR loops (green cartoon). These residues are underlined in the sequence

alignment with Ad26 and Ad5 contained in the green boxes indicating the HVR sequences

(F). Charge map coloring is the same as figure 5.
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reduce the ability of PF4 for form an electrostatic association with ChAdOx1.

Figure 2.8: The ChAdOx1/PF4 complex is inhibited by the presence of heparin.

SPR showed that preincubation of PF4 with heparin inhibits ability of PF4 to bind to

ChAdOx1 (A). Calculations show that the highly electropositive charge on PF4 (purple, B),

is disrupted in the presence of heparin as shown by the increase in electronegative potential

when PF4 is complexed by fondaparinux, a heparin derived pentasaccharide (C). Charge

map coloring is the same as figure 5.
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2.5 Discussion

We have resolved the capsid structure of the ChAdOx1 viral vaccine vector to a

resolution of 3.07Å, the highest reported resolution of an adenovirus capsid to date. We

have characterized its primary cell attachment protein, the fiber-knob (Fig. 2.2-2.3) and

show that ChAdOx1, a simian adenovirus, shares significant structural homology with

human adenoviruses. We utilized our structural understanding and computational models

to predict interactions between ChAdOx1 and host proteins. CAR is implicated in the

transduction of host cells and is likely to be important for vaccine function. The other,

PF4, contributes to pathogenesis in HIT and is hypothesized to be involved in TTS. We

confirm CAR is a high-affinity receptor for ChAdOx1 fiber-knob protein (Fig. 2.3-2.4).

Given the established ability of ChAdOx1 to infect human and chimpanzee cells, it

follows that it uses a receptor which is conserved between these species. CAR is an

example of this, as Human and Chimpanzee CAR proteins have identical amino acid

sequences (Fig. 2.169)(1). To the best of our knowledge this is the first, verified, example

of human and primate adenoviruses sharing a common adenovirus receptor protein,

though cross species utilization of CAR has been observed previously, as human and

canine adenoviruses both use CAR as a high-affinity cell entry receptor[160].

We demonstrate ChAdOx1 fiber-knob does not bind CD46 or DSG2 (Fig3, S4).

However, this does not preclude additional receptors. For example, HAdV-D37 and

HAdV-D26 fiber-knob proteins bind to both CAR and sialic acid bearing

glycans[24, 170]. Conceivably, there could be other mechanisms of direct interaction

between the cell and capsid surface, such as the hexon-CD46 interaction recently

suggested for HAdV-D56, though it is unclear if this putative interaction would be

sufficient for a productive infection in vivo[171]. CAR, predominantly expressed in

epithelial tissues, is involved in junctional adhesion[172, 173]. It has also been observed
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on the surface of human platelets, especially platelet aggregates, and

erythrocytes[174, 175]. Therefore, it may be tempting to try to link the affinity of

ChAdOx1 for CAR with platelet aggregation and TTS. However, previous studies

demonstrate that adenovirus-platelet aggregates are rapidly trafficked to the liver where

they are sequestered by Kupffer cells and degraded[176]. While it was possible to induce

thrombocytopenia in mice following an intravenous dose of 1011VP/ml replication

deficient adenoviral particles[143] (a dose 7,500X higher than that given,

intramuscularly, in the ChAdOx1 nCoV-19 vaccine, assuming a 20g mouse, and a 75Kg

human), this did not result in any thrombotic events. Another study in Rhesus Macaques

observed the opposite effect, longer clotting times, presumably as a result of the

diminished platelet count and/or depletion of circulating FX [177, 178]. Therefore, we

believe it is unlikely that direct association between ChAdOx1 and platelets drives

thrombotic events, regardless of their CAR expression status, in TTS. This study

demonstrates binding between PF4 and ChAdOx1 under in vitro conditions, an interaction

first suggested by Greinacher et al, and presents a mechanism by which it could occur

[179]. SPR experiments demonstrate PF4 binds, with nM affinity, to highly pure CsCl

gradient preparations of ChAdOx1 and the commercial ChAdOx1 nCoV-19 vaccine,

AZD1222/Vaxzevria (Fig. 2.6,2.12). This confirms that the association between

Vaxzevria and PF4 is an interaction between the PF4 and ChAdOx1, rather than any

cell-line derived proteins remaining in the vaccine following manufacture. We

demonstrate that this interaction is not specific to ChAdOx1 and that PF4 forms

interactions with Ad5 and Ad26 with similar affinity (Fig. 2.6). We also observed that

heparin reduces the ability of PF4 to associate with ChAdOx1, suggesting this interaction

is not stimulated by PF4/polyanion complexes (Fig. 2.7,2.15), which is concomitant with

the finding that patients have not been treated with heparin prior to developing TTS[136].

Exploring the mechanism of this interaction, we demonstrate that PF4 frequently contacts
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the surface of ChAdOx1 when allowed to diffuse freely in Brownian dynamics

simulations (BD sims, Fig. 2.8A) and that these interactions are facilitated by electrostatic

complementarity between the electropositive PF4 and electronegative ChAdOx1 capsid,

matched with a shape complementarity that enables PF4 to enter the space between

hexons (Fig. 2.6,7,13). The electrostatic nature of this interaction was further supported

by SPR experiments in the presence of increasing salt concentrations (Fig. 2.6B). Amino

acid contacts are most frequent in the HVR loops (Fig. 2.8E-F). Presently, it is unclear if

the contacts represent a specific amino acid interaction or are a function of the flexible

HVRs entering the inter-hexon space where PF4 most commonly binds (Fig. 2.15). Ad26

has also been implicated in TTS at a similar frequency to ChAdOx1 on a per dose basis

[138, 180]. Using a previously published model of Ad26 [101] we performed simulations

as for ChAdOx1 and observed PF4 contacted Ad26 less frequently than ChAdOx1 (Fig.

2.7A-B). However, it is important to acknowledge that Brownian dynamics does not

account for flexibility of the proteins following the initial interaction and operates on an

accelerated timescale. Therefore, no inferences can be made regarding the protein’s

residency times and whether a stable complex is formed. This should be explored in future

molecular dynamics simulations. Current evidence indicates that TTS presents similarly

to heparin-induced thrombocytopenia (HIT), a condition where patients present with

blood clots following administration of the thromboprophylactic drug, heparin[85]. This

condition appears to be driven by anti-PF4 auto-antibodies of sufficient affinity to cluster

PF4 and create a multivalent, presumably higher avidity, interaction between the antibody

Fc-domains and FcγRIIa on the platelet surface, stimulating the platelet to release

additional PF4. In the context of heparin, PF4 undergoes a conformational change

facilitating the binding of more common, lower affinity antibodies specific to the

PF4-polyanion complex. This creates a positive feedback loop as antibodies bind to

increasing copies of PF4, stimulating further platelet activation, culminating in the
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activation of the clotting cascade. This mechanism is described in detail by Nguyen et

al[181]. To further summarize: whether anti-PF4 auto-antibodies induce thrombosis, or

not, is a function of concentration and antibody affinity for PF4. Recent case reports show

that most patients presenting with TTS (>90%) tested positive for αPF4 antibodies,

however incomplete medical history limits understanding of predisposing factors[136].

Unlike those observed in HIT, anti-PF4 antibodies observed in TTS patients were

predominantly of the sub-group which could bind to PF4 alone, rather than the

PF4-heparin complex[179]. A ChAdOx1/PF4 complex could induce anti-PF4

auto-antibodies. In this potential mechanism, small quantities of ChAdOx1 enter the

blood through minor capillary injuries caused by the intramuscular injection, as has

previously been observed[182]. A ChAdOx1/PF4 complex could then form (Fig. 2.6-2.8),

either independently or in association with platelets [183], and travel to the lymphatic

system, transported by monocytes. Alternatively, PF4 released at the site of injection may

complex the vector and drain directly to the lymphatic system. These virus/PF4

complexes may stimulate pre-existing anti-PF4 memory B-cells to differentiate into

plasma cells, secreting anti-PF4 antibodies, which generally takes 4-8 days[184].

It is notable that TTS is much less frequently observed following the second dose of

ChAdOx1, suggesting that, as in HIT, αPF4 IgG is not long lasting, and that any plausible

mechanism should be prominent in the first but not second dose [138, 185]. Studies are

needed to confirm whether adenovirus/PF4 complexes can induce thrombosis in the

presence of anti-PF4 antibodies in vivo. This proposal goes some way towards explaining

why TTS is so rare, requiring a series of low frequency stochastic interactions, first

between small numbers of adenovirus particles entering the blood/lymph, then monocytes

and/or B-cells, in rare patients predisposed towards the generation of anti-PF4 antibodies.

In contrast to a previous proposal, we do not suggest EDTA, or residual HEK293 proteins,

in the vaccine formulation contribute to TTS[135]. EDTA is a component of the
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ChAdOx1 nCoV-19 vaccine formulation, but is not present in the Ad26.SARS2.S

vaccine, following which TTS has also been reported[135, 137, 139, 186]. We note TTS

symptoms manifest 5-24 days following vaccination, corresponding to the timeline for a

secondary antibody response[135]. If large immune complexes formed directly with

components of the vaccine formulation it seems more likely they would lead to platelet

activation and clot formation immediately following vaccination, rather than >5 days

later. The discussion surrounding potential mechanisms for TTS has recently been

reviewed[141]. Current World Health Organisation clinical guidance advises against the

use of heparin in the treatment of TTS, presumably based upon the similar clinical

presentation of TTS and HIT[187]. Though our data suggest that heparin may inhibit the

proposed interaction between ChAdOx1 and PF4 it does not provide any insights as to the

effect of heparin on patients after they develop symptoms or its behavior in the wider

biological context. Therefore, it is important to continue to adhere to current clinical

guidance pending further studies of the role of heparin in TTS. The ChAdOx1/PF4

interaction described in this study suggests potential mechanisms by which safer viral

vectors might be engineered by ablating this interaction. ‘HVR swaps’ have been

performed with the goal of reducing recognition of adenovirus vector by neutralizing

antibodies[66, 188]. Similar rational capsid engineering could eliminate electronegative

residues in the HVRs, although a threshold below which the electronegative charge needs

to be reduced has yet to be determined. Alternatively, upon determining key binding

residues, a more specific approach could be envisaged where critical amino acids forming

contacts with PF4 are removed or substituted. Therefore, modification of the ChAdOx1

hexon HVRs to reduce their electronegativity may solve two problems simultaneously:

reduce the propensity to cause TTS and reduce the levels of anti-vector immunity, thus

helping to maximize the opportunity to induce robust immune responses. Further

exploration of adenovirus phylogenetic diversity may yield novel vectors with lower PF4
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binding propensity and altered safety profiles. No currently proposed mechanism for TTS

following vaccination is consistent with all the observed data. This is partly due to an

incomplete clinical picture, a consequence of its rarity, consequently weak statistical data

from which to draw inferences, and a lack of understanding about this novel interaction.

Future work will focus upon clarifying if the adenovirus/PF4 complex is inherently

thrombogenic and, if so, what downstream interactions lead to this.

2.6 Personal Contributions

The work described above was a collaborative effort between 7 different institutions

across several countries. I was directly responsible for working closely with my co-author

in order to conceptualize experiments to solve the structure of ChAdOx1 and biochemically

characterize PF4 interactions. I assisted in growing and purifying virus and was responsible

for freezing grids and all downstream processing leading up to EM data collection. I also

was in charge of processing all of the data and performed all tasks and troubleshooting in

Relion associated with generating the EM map of the virus. I also worked closely with

my co-author and members of the Singharoy lab as we iteratively improved the model and

map through MDFF and altered mask parameters and map sharpening procedures. I also

validated map and model quality in order to ensure that we have extracted the maximum

amount of information from this dataset. I was initially also involved in MST and SPR

experiments to characterize the protein interactions between PF4 and the ChAdOx1 virus

capsid until AstraZeneca began collaborating with us and assumed those responsibilities.

Finally, I assisted my co-author with writing and editing the manuscript and generating

figures.
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2.7 Outlook

2.7.1 Future Improvements to Structural Understanding of Adenoviruses

Symmetry missmatch and visible density corresponding to the fiber shaft

Because of the generous mask used to process data we always aired on the side of

maximizing the data retained in the structural map instead of cutting out regions to drive

resolution improvements. In doing so we observed a great deal of density which

corresponds to the protruding virus fiber and knob structures. These components of the

capsid structure have never before been solved by cryo-EM as a complete adenovirus

assembly. While these densities are not well resolved enough to produce high resolution

structural data, with more advanced processing, and especially in conjunction with MDFF

protocols, techniques such as local refinement may overcome symmetry miss match issues

caused by the trimer-pentamer interface between the fiber and the adenoviral penton

protein, as seen in Abrishami et al. 2021 [189]. A structure which clearly resolves these

regions could provide valuable insight into the interface between the penton and the fiber

shaft and advance our understanding of poorly understood aspects of the adenoviral capsid

structure.

2.7.2 Conclusions and Further Validation of Vaccine Induced TTS Mechanisms

While the mechanisms of vaccine induced TTS remain to be conclusively proven, we

have elucidated a likely mechanism for the devastating symptoms observed in vaccine

induced thrombocytic thrombocytopenia. We have solved the structure of ChAdOx1

(Chimpanzee adenovirus Y25) to the highest currently recorded resolution for an

adenovirus in order to clarify the structurally significant capsid proteins, including hexon

hyper-variable loops that contribute to the immunological advantages of this vector. We
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have also conclusively shown PF4 binding to the adenovirus capsid and used

computational simulations to predict likely hot-spots of PF4 interaction. While more

research is needed to confirm this mechanism, our hypotheses are currently undergoing

further testing to ascertain if potential solutions are readily available in order to produce

an adenoviral vector with a more optimal safety profile. We are also interested in

initiating collaborations with researchers that may be able to provide biological validation

to our mechanism using a HIT mouse model [190, 191]. With these experiments the

mechanisms we propose may be incorrect. Even so, our experiments revealed many other

new questions about the promiscuity of interactions with the adenoviral capsid, which

warrant further study and may be generally applicable to vectors used in vaccination and

genetic engineering. In addition, the structural study of this capsid has opened up new

methodological avenues of research, as computational methods used to build models into

structures of this size have improved significantly. Protocols used in this study that

robustly automate model building using MDFF and alchemical methods are currently

under development for widespread use that will improve model quality of large

multi-meric structures such as viral capsid dramatically, and overcome challenges like

edge effects commonly observed when building models into asymmetric units of large,

highly symmetric density maps.

2.8 Supporting Information
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Figure 2.9: Crystallization of ChAdOx1 fiber-knob protein results in 4 copies of the

expected trimer per asymmetric unit and reveals side-chain locations. Acceptable

refinement statistics were achieved for the fiber-knob protein of ChAdOx1 (A). The crystal

structure was solved with 12 copies of the monomer in the asymmetric unit, packing to form

3 trimeric biological assemblies (B). Density was sufficient to provide a complete structure

in all copies (C, volume rendered in 0.5σ steps from red, 3.0σ, to dark blue), and was able to

resolve side chain orientations reliably throughout the core fold (D, mesh shown at σ=1.0).
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Figure 2.10: Homology models of adenovirus fiber-knobs with CAR. Using PDB 2J12

as a template the fiber-knob structures of HAdV-B35 (A, purple), HAdV-C5 (B, orange),

and ChAdOx1 (C, cyan) were aligned with CAR (grey) in a potential binding pose and

equilibrated by molecular dynamics.

Figure 2.11: Surface plasmon resonance traces show ChAdOx1 fiber-knob binds

to CAR with high affinity but not CD46 or desmoglein 2. Traces are shown

as resonance units (RU) over time (seconds). Serial titration SPR shows HAdV-

C5 (Titration=2.5-160nM) binds to CAR (KD=0.06±0.02nM, A) as does ChAdOx1

(Titration=2.5-2560nM, KD=7.16±1.92nM, B). HAdV-B35 (Titration=2.5-2560nM) binds

to CD46 (KD=4.38±1.95nM, C). Further SPR experiments show HAdV-C5K (160nM)

binds CAR (black), but not DSG2 (black, dashed) nor CD46 (grey, D). ChAdOX (2560nM)

binds CAR (black), but not to DSG2 (black, dashed) and weakly interacts with CD46 (grey,

E). HAdV-B35K (2560nM) binds CD46 (grey) and to a lesser degree to CAR (black) but

not DSG2 (black dashed, F).
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Figure 2.12: The ChAdOx1 nCoV-19 vaccine preparation (AZD1222) binds to PF4

with high affinity. Serial titration SPR at the indicated concentrations (nM, see legend)

shows the ChAdOx1 nCoV-19 vaccine preparation binds to PF4 with affinity (KD= 514 ±

40 nM) comparable to that of CsCl purified adenoviruses as determined by the steady state

model (inset figure).
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Figure 2.13: ChAdOx1 is strongly electronegative, the opposite of PF4. Close-

up inspection of the electrostatic surface of ChAdOx1 (A) and HAdV-D26 (B) shows

the strong electronegative potential emanating from the hexon apexes, with regions of

electropositive potential in the space between hexons. The electronegative potential is

substantily stronger in ChAdOx1, while the regions of electropositive potential are stronger

in HAdV-D26. Visualisation in individual hexons shows how the apext of the trimer

is electronegative around the apex of the 3 fold axis, and that the charge is strongest

in ChAdOx1, followed by HAdV-C5, and weakest in HAdV-D26, with HAdV-D26

showing the strongest electropositive charges in the lateral regions (C). This contrasts

with PF4, which has a strongly overall electropositive charge (D). Continuum electrostatic

calculations are shown as a mesh from -0.5KBT (yellow), -1.0KBT (orange), -1.5KBT

(red), 0.5KBT (cyan), 1.0KBT (blue), and 1.5KBT (dark blue). APBS is visualized on a

+/-5.0eV ramp from blue to red.
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Figure 2.14: The ChAdOx1 hexon HVRs face into the space between hexons and are

highly flexible. The hyper variable regions of the ChAdOx1 hexons (red) cluster about

the apex and present into the space between hexons (A). Molecular dynamics simulations

demonstrate that the HVRs are highly flexible (B, HVR positions are shown in full color).
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Figure 2.15: The ChAdOx1 nCoV-19 vaccine preparation binds to PF4 with high

affinity, but this interaction is weakened by the presence of heparin.Brownian dynamics

simulations show frequent interactions (red spots) between the PF4 tetramer and the

ChAdOx1 surface (grey) (A). Similar simulations performed with the PF4-Fondaparinux

(PDB 4R9W) showed the frequency of interactions reduced (B) by 12.56-fold (C). SPR

shows that PF4 binds to the ChAdOx1 nCoV-19 vaccine preparation with high affinity

(red), but when PF4 is preincubated with Heparin (green) this affinity is drastically reduced

(D).

68



Figure 2.16: CAR is a highly conserved protein across a range of scientifically

important, domestic, and agriculturally significant species. Humans (homo sapiens) and

Chimpanzees (Pan Troglodytes) share a 100% sequence identity for their canonical CAR

isoform. Sequences in this alignment taken from the indicted UniProt accession numbers.
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Figure 2.17: Cartoon representation of a proposed mechanism by which ChAdOx1

association with PF4 might result in thrombosis with thrombocytopenia syndrome.

Following intramuscular vaccination with ChAdOx1 nCoV-19 small quantities of viral

vector may enter the blood where they could interact with PF4 and form a complex through

the mechanisms described in this study. This complex could also form at the injection site.

This complex can then be taken up by monocytes and transported to, or drain directly into,

the lymph nodes where it may stimulate the proliferation of pre-existing PF4 specific B-

cells. After maturation of these B-cells, >5 days later, αPF4 IgG will be secreted which

can form aggregates with PF4 circulating in the blood. These aggregates can stimulate

activation of platelets by binding to FcγRIIa, stimulating further PF4 release. This could

trigger a positive feedback loop culminating in clot formation and NETs, as in HIT.
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Chapter 3

BIOCHEMICAL CHARACTERIZATION AND COMPUTATIONAL SIMULATION

OF HUMAN SYX, A RHOGEF IMPLICATED IN GLIOBLASTOMA

Ryan J. Boyd, Tien L. Olson, James D. Zook, Manuel Aceves, Derek Stein, Wan-Hsin Lin,

Felicia M. Craciunescu, Debra T. Hansen, Panos Z. Anastasiadis, Abhishek Singharoy, and

Petra Fromme

3.1 Abstract

Structural discovery of guanine nucleotide exchange factor (GEF) protein complexes

is likely to become increasingly relevant with the development of new therapeutics

targeting small GTPases and development of new classes of small molecules that inhibit

protein-protein interactions. Syx (also known as PLEKHG5 in humans) is a RhoA GEF

implicated in the pathology of glioblastoma (GBM). Here we investigated protein

expression and purification of ten different human Syx constructs and performed

biophysical characterizations and computational studies that provide insights into why

expression of this protein was previously intractable. We show that human Syx can be

expressed and isolated and Syx is folded as observed by circular dichroism (CD)

spectroscopy and actively binds to RhoA as determined by co-elution during size

exclusion chromatography (SEC). This characterization may provide critical insights into

the expression and purification of other recalcitrant members of the large class of

oncogenic — Diffuse B-cell lymphoma (Dbl) homology GEF proteins. In addition, we

performed detailed homology modeling and molecular dynamics simulations on the

surface of a physiologically realistic membrane. These simulations reveal novel insights

into GEF activity and allosteric modulation by the plekstrin homology (PH) domain.

These newly revealed interactions between the GEF PH domain and the membrane
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embedded region of RhoA support previously unexplained experimental findings

regarding the allosteric effects of the PH domain from numerous activity studies of Dbl

homology GEF proteins. This work establishes new hypotheses for structural interactivity

and allosteric signal modulation in Dbl homology RhoGEFs.

3.2 Introduction

Recent successes designing drugs to inhibit small GTPase based drivers of

oncogenesis and advances in modulating protein-protein interactions with structurally

guided drug design have inspired renewed interest in characterizing the prolific family of

small GTPase activating guanine exchange factor (GEF) proteins with the hope of

establishing a new class of drug targets against this expansive class of potential oncogenes

[192]. These proteins are responsible for modulating a diverse array of cell processes.

Diffuse B-cell lymphoma (Dbl) family guanine exchange factors (GEFs) are the largest

family of GEFs, containing 71-members out of 82 total RhoGEFs in humans [118]. Dbl

GEFs facilitate the activation of small GTPases. The mechanistic details of GEF

interaction with small GTPases have been reviewed previously [193]. The tightly

controlled activation and localization of the small GTPase RhoA is directly coupled to

stress fiber formation, cell mobility, and proliferation pathways via the opposing effects of

Rho Activated Kinase (ROCK) and Diaphanous Homologue (Dia) [194]. There is a

three-fold higher prevalence of Rho activating GEFs (RhoGEFs) as compared to Rho

GTPases (22 members in mammals) indicating that the GEFs are likely regulators of

activation specificity for these pathways [113]. This is further corroborated by the fact

that almost all GEF proteins have been shown to be tightly modulated by numerous

mechanisms of inhibition or autoinhibition, suggesting that multiple layers of regulation

acting on the GEF are needed for correct conditional flow of these signals within the cell

[125, 133]. Aberrant activation of these signals can be oncogenic, therefore inhibitors to
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RhoGEF proteins could be potential cancer therapeutics. Dbl family RhoGEFs are defined

by two tandem domains—the DH-PH domains [195]. The 170-190 amino acid DH (Dbl

homology) domain facilitates the exchange of guanine nucleotide bound within the small

GTPase by structurally manipulating two “finger regions” that encapsulate the nucleotide

binding pocket. Simultaneously, many GEFs also affect GDP binding with RhoA by

moving a magnesium ion held in complex with Thr-37 and Thr-19 of RhoA out of its

binding conformation with the phosphate groups of the RhoA-bound GDP [193] thereby

reducing binding interactions. The approximately 120 amino acid pleckstrin homology

(PH) domain is often responsible for binding phospho-inositide phosphate (PIP) lipid head

groups at the inner leaflet of the cell membrane [196, 197]. In some cases, the PH domain

allosterically activates the GEF activity of the protein or relieves autoinhibition

[198–200]. While the mechanism and overall contribution of PH domain allostery are a

matter of continuing study and vary in a protein dependent manner, it is quite clear that in

general, GEFs are closely regulated in the cell and often have auto-inhibitory domains or

are bound by other proteins to repress their activities when and where they are not

intended to be active [201, 202]. This spatiotemporal control keeps GEFs from spuriously

activating their corresponding small GTPases [203]. It is well established that spurious

GEF activity and small GTPase activation are drivers of cell migration, cell proliferation

and cancer progression [112, 204]. Dachsel et al. 2013 and others revealed that Syx is

highly expressed in human glioma cells [131, 205]. Experimental depletion of Syx in U87

and U251 glioma cells disrupts cell polarity, resulting in a “fried egg” morphology that

does not display chemotactic cell movement that is characteristic of cancer proliferation

[206]. Notably, the inability of Syx depleted cells to migrate was rescued by the

expression of exogenous Syx, but not by a Syx mutant with no GEF activity[131].

Additionally, depletion of Syx in conventional or patient-derived GBM cell lines inhibits

GBM cell growth (unpublished observations). These results suggest that inhibition of Syx
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activity may be a possible treatment modality for GBM, and therefore Syx warrants

biophysical and structural characterization, to facilitate structurally guided drug

design[124, 207]. Several structures of Dbl homology RhoGEF DH-PH domains have

been solved previously, and GEF characterization methods have been established. In

contrast, Syx is in a subgroup of Dbl homology GEFs that are largely uncharacterized

outside of basic protein-protein interaction data and no structural information is yet

available for this protein[118, 208]. Structural elucidation and drug screening efforts

require production and purification of milligram quantities of monomeric protein. Failure

to overcome protein expression and purification issues are the most common pitfall of

structural characterization projects[209]. Here we report the first high yeild expression,

and biophysical characterization of purified human RhoGEF Syx including

characterization of RhoA binding activity of the Syx DH-PH domain, as well as

computational analysis to support ongoing structural studies and drug design efforts.

3.3 Materials and Methods

3.3.1 Sequence Analysis and Homology Modeling

The full length Syx sequence (UniProt identifier: O94827-1, NCBI reference number:

NM_020631.6) was analyzed with the iTASSER homology-modeling server (Table

S1)[148] as well as PSIPRED[210], SERp[211], and XtalPred[212] servers. The resultant

disorder prediction and structural information were used to guide where truncation would

be most appropriate. Several truncation sequences were made based on designing

constructs that contained the DH and PH domains but removed unordered regions that

would interfere with structural studies. The patterns of truncations were also guided by

sequence alignments with Rho GEF structures 1XCG, 1X86, and 3ODO (PDZRhoGEF,

LARG, and P115-RhoGEF respectively). Sequences were aligned with the MAFFT server
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using the L-INS-i method[213].

3.3.2 Model Building and Molecular Dynamics

Known RhoGEF-RhoA complex structures (1XCG, 1X86 , 2RGN, 4XH9, 4DON)

were structurally aligned with the Syx homology model to produce an initial Syx-RhoA

model. This model was then repeatedly refined using Rosetta docking

protocols[214, 215]. The resulting homology model of Syx was structurally aligned with

several other known structures of PH domains and visually compared to structures

containing bound lipid head groups to estimate the orientation of a potential lipid binding

pocket on Syx[196, 216–218]. The Bio Chemical Library (BCL) software package was

used to generate lipid headgroup conformers and Rosetta ligand docking protocols were

used to place a PI(4,5)P2 lipid into the putative binding pocket[219, 220]. The

Orientations of Proteins in Membranes (OPM) server and CHARMM-GUI membrane

builder were used to add a geranylgeranyl group to the tail of RhoA and then generate an

all atom simulated membrane bilayer around the OPM generated lipid-protein interface, as

well as place waters and NaCl ions throughout the box[221–223]. Parameter files for

GDP, GTP, magnesium, POPC, PI(4,5)P2, and geranylgeranyl groups were either

generated by CGenFF or found in CHARMM36m params files. NAMD 2.14-CUDA

utilizing the CHARMM36m force field was used to run a NPT simulations with 2 fs

timesteps for approximately 1.2 microseconds after equilibration[169, 224, 225]. A

temperature of 300˚K and 1 atm of pressure was maintained by a Langevin thermostat and

barostat and electrostatics were calculated with the particle mesh Ewald method. All

simulations were run on GTX1080 Nvidia GPUs until RMSD values reached equilibrium

and visual observation confirmed that lipids were correctly oriented[155].
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3.3.3 Dynamic Network Analysis

Dynamic network analysis was performed as described in Sethi et al. 2009[226]. Nodes

were defined as Cα carbons, or phosphates. Community analysis of groups of residues that

are most strongly interconnected was performed using the Girvan-Newman algorithm and

visualized with VMD. Optimal path analysis was performed between several residues that

clearly bind membrane lipids on both the PH and DH domain of Syx protein and residue

Thr-37, located at the center of switch I region of RhoA.

3.3.4 Protein Engineering and Mutagenesis

CamSol analysis was performed by uploading the Syx homology model and sequence

to the CamSol server[227]. The resulting prediction was encoded into the B-factor of the

protein and visualized with PyMol. Mutants at these sites were either picked by hand or

because they were scored favorably by the Rosetta design protocol[228].

3.3.5 Expression Optimization

Initial expression constructs containing several truncated versions of wild-type mouse

Syx homologs were generated by the Anastasiadis lab. Chemo-competent BL21(DE3)

cells (New England Biolabs) were transformed according to the manufacturer’s

instructions. A single resultant colony was isolated and then used to inoculate a 5 ml

liquid culture containing TB containing 12g/L tryptone, 24g/L yeast extract, 4mL/L

glycerol, 2.31 g/L KH2PO4 (17mM), 12.54 g/L K2HPO4 (72mM), with appropriate

antibiotic[229]. Cell stocks were made by adding glycerol to 30% and stored at -80˚C.

Starter cultures were inoculated by using a sterile pipette tip to transfer a small chunk of

frozen glycerol stock into 1ml of pre-warmed TB. After overnight growth, this starter

culture was visually checked for cell growth (with a desired OD600 of approximately 0.8)
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and added to an autoclaved 250ml baffled flask containing 50ml of Terrific Broth (TB)

and cells were allowed to grow at 37°C. IPTG was added to a final concentration of

0.5mM when the culture reached an OD600 of 0.8, and 1 ml aliquots were taken for

analysis at desired time points. For subsequent SDS-PAGE analysis, aliquots were

centrifuged at 17K x g and the supernatant was discarded. 10µl of cell pellet was mixed

with 500µl 1X Laemmli buffer (Bio-Rad Cat 1610747) and stored at -20°C. Samples were

incubated at 95°C for 5 minutes and spun down at 17K x g for 10 min to remove cell

debris before analysis of raw supernatant was performed via SDS-PAGE using a 12%

acrylamide-tris gel and subsequent overnight transfer to a Western blot PVDF membrane

and visualization with an anti-His antibody (Qiagen Cat 34440, RRID:AB_2714179).

Further optimization was done with His6-TEV-Syx393−792. This construct was

transformed into BL21(DE3)(NEB), BL21(PlysS)(NEB), Lemo21(DE3) (NEB),

BL21-AI(Invitrogen), KTD101(DE3), KJ740(DE3), C41(DE3), and C43(DE3) strains of

E. coli cells. Strain KJ740 was obtained from the Yale E. coli Genetic Stock Center

(CGSC), and the (DE3) lysogen was made using the λDE3 Lysogenization Kit 538 (EMD

Millipore 69734 − 3). Expression was performed as described above apart from

chloramphenicol being used with Lemo strains. Trials with 1 and 2mM rhamnose were

tested with the Lemo21(DE3) cells. For BL21-AI, arabinose at 0.2% final concentration

was added along with IPTG at induction, and TB medium contained 0.1% glucose.

3.3.6 Cloning

Codon optimized constructs of the truncated versions of human Syx were designed

and obtained from GenScript. Fusion constructs were generated as described

previously[229] by cloning our codon optimized Syx gene into vectors containing the

following tags that are cleavable with tobacco etch virus (TEV) protease: N-terminal His6

plus maltose binding protein (MBP; RRID:Addgene_29708); C-terminal MBP plus His6
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(Addgene_37237); N-terminal His6 plus glutathione S-transferase (GST;

RRID:Addgene_29707); N-terminal His6 plus small ubiquitin-like modifier (SUMO;

RRID:Addgene_29711); or N-terminal His6 plus green fluorescent protein (GFP;

RRID:Addgene_29716). Note that in the plasmid names for this clone the numbering of

Syx residues was based on the Syx isoform from NCBI Reference Sequence

NP_001036128.1. The sequence of this isoform is identical to the UniProt sequence

O94827-1 used for the computational studies, aside from an additional 56 amino acids at

the N-terminus of NP_001036128.1. All constructs were transformed into both

BL21(DE3) and T7 Express lysY/Iq high competency E. coli (New England Biolabs

C3013I). Ligation independent cloning was performed with the In-Fusion HD Cloning

Plus system (Clontech 638910). Plasmid DNA was prepared with the QIAprep Spin

Miniprep (QIAGEN 27106). DNA sequences were verified by Sanger sequencing at the

DNA Laboratory core facility at Arizona State University or at GenScript.

3.3.7 Preparation Scale E. coli Expression

A 5ml overnight growth of the N-terminal His6-MBP-TEV-Syx393−792 (referred to as

MBP-Syx393−792 for brevity, or Syx393−792 if referring to protein which has undergone

TEV cleavage and MBP removal) construct in T7 Express lysY/Iq E. coli was visually

checked for cell growth (OD600 of approximately 0.8) before being added to 1 L of

pre-warmed TB containing 100ug/ml ampicillin. Cells were grown at 37°C and 300 rpm

shaking to an OD600 of 0.8. The temperature was decreased to 25°C and IPTG was added

to a final concentration of 0.4mM. Cells were allowed to grow for another 4 h before

being spun down. Cell pellets were weighed and resuspended in 10ml Lysis Buffer A per

1 g of cells, and the resulting slurry was frozen at -80°C. Lysis Buffer A contained PBS

(137mM NaCl, 2.7mM KCl, 10mM Na_2PO_4, 1.8mM KH_2PO_4, pH 8), 2mM

dithiothretol (DTT), protein inhibitor cocktail (Roche cOmplete Ultra, Sigma part no.
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5892791001), 1mM PMSF.

3.3.8 Purification of E. coli Derived MBP-Syx_393-792

Frozen cells were resuspended in 4˚C lysis buffer and 2mg/ml hen egg lysozyme (Sigma

part no. 4403) and 0.2mg/ml bovine pancreas DNase (Sigma part no. 9003− 98− 9) were

added. The thawing cell slurry was sonicated on ice at 50% power for 1sec on, 2sec off,

for 1min using a Branson 550 sonicator. The resulting slurry was centrifuged at 40, 000rcf

for 15min at 4˚C and then filtered through a 0.45µM filter before using a 150ml superloop

connected to an AKTA FPLC in a 4˚C cold room to load protein at 0.5ml/min onto a 5ml

amylose column (Cytiva Product no. 28918779). The column was previously equilibrated

with buffer A (10mMNa_2PO_4, 1.8mMKH_2PO_4, pH 8, and 1mMTCEP). The protein

was washedwith 10 column volumes at 5ml/min and then eluted in 1ml fractions with buffer

A plus 50mM maltose. Fractions with an absorbance peak at 280nm (combined volume of

20-25ml at a protein concentration of 1-5mg/ml) were concentrated to a volume of 500µl

using a 30kD Molecular Weight Cut Off (MWCO) spin concentrator (Millipore part no.

UFC903096) spun at 3000rcf, while visually ensuring there was no turbidity and mixing

the solution every 5min with a pipette. The concentrated sample was injected onto a pre-

equilibrated Superdex 200 Increase 30/100 GL column (Cytiva part no. 28990944) and

run at 0.4ml/min at 4˚C with buffer A. Peaks were pooled and stored at 4˚C. The protein

concentration and yeild was determined at this stage by absorbance at 280nm(A280), using a

molar extinction coefficient of 112,355 M-1cm-1 for the MBP-Syx393−792 fusion construct.

SDS-PAGE gels were run on all fractions and stained with Coomassie to ascertain purity.

3.3.9 TEV Cleavage and Negative Purification

The fractions containing purified protein at the expected molecular weight as

determined by Coomassie stained SDS-PAGE gel were cleaved with TEV protease by
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incubating a 10:1 ratio of protein and TEV mixture overnight at 4°C in buffer A. This mix

was then incubated with 3ml of nickel NTA slurry for 20min to remove the His tagged

MBP and TEV. Flow-through and subsequent washes were collected and concentrated

using a 30kDa Molecular Weight Cut Off (MWCO) spin concentrator (Millipore part no.

UFC903096). Protein concentrations were confirmed with A280 measurements after each

interval with a molar extinction coefficient of 39880M − 1cm − 1 for the cleaved

Syx393−792. Presence of the correct protein species was confirmed routinely with western

blot. RhoA (1mg/ml) and anti-Syx antibody were blotted directly on PVDF as control

before blocking with BSA (Figure 3.18). Anti-Syx antibody (Proteintech Cat

19830 − 1 − AP , RRID:AB10858324) (8ul in 10ml of TBST) was used in conjunction

with a goat anti-rabbit antibody (Jackson ImmunoResearch cat 111 − 035 − 003. RRID:

AB2313567) for visualization.

3.3.10 Preparation Scale SF9 Expression

3.3.11 Purification of SF9 Derived MBP-Syx393−792 with on Column Cleavage

Frozen cells were re-suspended in 4˚C lysis buffer containing 10mM Na_2PO_4,

1.8mM KH2PO4, pH 8, and 2mM DTT, 0.2mg/ml bovine pancreas DNase (Sigma part

no. 9003 − 98 − 9) in a ratio of 7g cells to 20ml buffer. The thawing cell slurry was

sonicated on ice at 30% power for 1sec on, 10sec off, for 30sec of ”on” time using a

Branson 550 sonicator. The lysate was then dounce homoginized 8 times in a 50ml

homogenizer. The resulting slurry was centrifuged at 100,000rcf for 15min at 4˚C and

then filtered through a 0.45µM filter before using a 150ml superloop connected to an

AKTA FPLC in a 4˚C cold room to load protein at 0.5ml/min onto a 5ml amylose column

(Cytiva Product no. 28918779). The column was previously equilibrated with 3 column

volumes of buffer A (10mM Na2PO4, 1.8mM KH2PO4, pH 8, and 1mM TCEP). The
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protein was washed with 10 column volumes at 5ml/min. At this point the 5ml column

was detached from the FPLC and 100ul of acTEV protease (Thermo cat no. 12575-015)

was injected directly into the column using a 1ml syringe. The column was left at 4˚C

overnight. The column was then linked in series to a 5ml HisTrap HP column (Cytiva

product no. 17524801) and cleaved protein was washed through by running wash buffer at

5ml/min while collecting all flow-through peaks in 5ml fractions. Fractions of the

flow-through with an absorbance peak at 280nm were concentrated to a volume of 500µl

using a 30kD Molecular Weight Cut Off (MWCO) spin concentrator (Millipore part no.

UFC903096) spun at 3000rcf, while visually ensuring there was no turbidity and mixing

the solution every 5min with a pipette. This solution was stored at 4˚C until further

purification could be performed by SEC. Both columns were recovered by washing with

buffer A plus 50mM maltose and 400mM imidazole. The protein concentration and yeild

was determined at this stage by A_280, using a molar extinction coefficient of 39,880

M-1cm-1 for Syx393−792.

3.3.12 Size Exclusion Chromatography

The superdex 200 column was connected to the AKTA FPLC in the 4˚C cold room and

equilibrated with at least 2 column volumes of sterile filtered water followed by at least 2

column volumes of containing 10mM Na2PO4, 1.8mM KH2PO4 pH 8, and 1mM TCEP

buffer until the A280 and conductance traces appeared constant. Samples were spun down

at 17,000g for 10min in a tabletop centrifuge at 4˚C before 500l of sample was injected

onto the column and run at 0.4ml/min for the entire run. Fractions were collected at 1ml

intervals over 1.5 column volumes. After each run, the column was re-equilibrated for 2

column volumes before the next run was initiated. A standard curve was run periodically to

determine the elution volume which corresponded to the molecular radius of each protein

(Cytiva part no. 28403842). Peaks eluting before 8ml were considered to be in the void
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volume of this column.

3.3.13 Dynamic Light Scattering

The monodispersity of the purified protein was ascertained with a Molecular

Dimensions SpectroSize 302 DLS apparatus with a 785nm 60mW laser imaging of 2µl

protein droplets suspended in a 24 well hanging drop plate. The DLS data were collected

in 10 scans with 20min long scans each, and resultant data was examined by the

cumulants method113. DLS based buffer screening was done by mixing 2ul of protein

with 2ul of each well of the Hampton research buffer screen 1 and 2 kits (CAT NO:

HR2-072, HR2-413) and incubated for one hour before testing with DLS.

3.3.14 RhoA Expression

RhoA plasmid (RRID:Addgene_73231) expressing the TEV cleavable N-terminal

His6-tagged soluble domain of RhoA including residues 1-184 (referred to as

His6-TEV-RhoA1−184 or just RhoA unless otherwise stated) was transformed into Rosetta

2 BL21(DE3) cells and frozen as glycerol stocks that were used to inoculate 5ml overnight

starter cultures grown overnight at 37˚C, 250rpm. 5ml overnight starter cultures were used

to inoculate 2L baffled flasks containing 1L of TB media with antibiotic and allowed to

grow at 37˚C until the culture reached an OD600 of 0.6–0.8. At this point 250mM IPTG

was added, the temperature was turned down to 18˚C, and the culture was allowed to grow

overnight. The resulting culture was spun down at 4000 rpm and the pellet weighed and

frozen at -80˚C.

3.3.15 RhoA Purification

Critically, all buffers were supplemented with 50μM GDP (Sigma cat no. G7127) to

maintain RhoA in a folded state. Seven grams of cells were homogenized with 80ml of
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Lysis Buffer (Tris-HCl pH 8.0, 150mM NaCl, 2mM MgCl2, 50μM GDP, 10% glycerol,

5mM imidazole, 1mM PMSF, 1 SIGMAFAST ETDA-free protease inhibitor coctail tab

(Sigma sku S8830-20TAB), 2mg/mL lysozyme, 2mM TCEP). Cells were lysed via

probe-sonication with a Branson 550 sonicator set to run in intervals of 1 sec on, 2 sec off

for a total of 1 min at 50% power. Sonication was repeated 2 times before the lysate was

spun down at 40000rcf for 20min at 4˚C. The resulting supernatant was passed through a

0.45μM syringe filter before the supernatant was added to a 150ml superloop attached to a

GE Akta series FPLC running unicorn 7 software to automate the following protocol: The

clarified supernatant was injected at 1ml/min onto a 5ml Ni-NTA column (Cytiva part no.

17524802) equilibrated with Wash Buffer (50mM Tris-HCl pH 8.0, 500mM NaCl, 2mM

MgCl2, 50μM GDP, 10% glycerol, 15mM imidazole, 2mM TCEP). The column was

washed at 5ml/min with 10 column volumes of wash buffer before a linear gradient of

Elution buffer (50mM Tris-HCl pH 8.0, 300mM NaCl, 2mM MgCl2, 50μM GDP, 10%

Glycerol, 200mM Imidazole, 2mM TCEP) was used to elute the bound protein(49).

Fractions of the elution step were collected and run on an SDS-PAGE gel before being

stained with Coomassie to reveal fractions containing bands corresponding to the

molecular weight of RhoA at 22kDa. Fractions were pooled and an A280 absorbance trace

was measured using the elution buffer as a blank to estimate protein concentration and

overall yield. The presence of His6-TEV-RhoA1−184 was also confirmed with Western

blot using an anti-RhoA antibody (Thermo Fisher Scientific Cat MA1-134,

RRID:AB_2536840).

3.3.16 RhoA – MBP-Syx393−792 Complex Formation

Several methods for complex formation were tested to assess the most effective

protocol for forming the MBP-Syx393−792-RhoA complex to ascertain which produced the

highest quality protein. The following protocols used Un-cleaved MBP-Syx393−792 (unless
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otherwise stated) incubated at 4˚C with un-cleaved His6-TEV-RhoA1−184 in a 1:2 ratio for

1 hour in all 5 trials. In “mix 1” (Figure 3.3A, purple trace), 10mM EDTA was added to

the mixture to chelate magnesium out of the GDP binding site of RhoA. “mix 2” (Figure

3.3A, red trace) used cleaved Syx393−792 (Figure 3.3B) mixed with RhoA, and also

contained 10mM EDTA to chelate magnesium. “mix 3” (Figure 3.3, black trace)

contained MBP-Syx393−792 mixed with RhoA which was buffer exchanged 6 times in a

10k MWCO spin concentrator to remove all buffer containing GDP. In “mix 4” (Figure

3.3, light blue trace) an excess of ammonium sulfate was used to precipitate a protein

mixture containing both MBP-Syx393−792 and RhoA in order to to competitively force

GDP out of the active site of RhoA and remove GDP containing buffer. For “mix 5”

(Figure 3.3, grey trace) the process was the same as “mix 4” except that the ammonium

sulfate precipitation was performed on RhoA alone, then MBP-Syx393−792 protein solution

was added to the RhoA. Each resulting solution was run on a Superdex 200 column as

previously described. Controls show RhoA (Figure 3.3A, green trace), MBP-Syx393−792

(Figure 3.3A, orange trace), and a molecular weight control (Figure 3.3A, dark blue trace).

3.3.17 Circular Dichroism

Cleaved Syx393−792 was buffer exchanged 4 times into CD buffer (150mM sodium

fluoride adjusted to pH 7.5 with 50mM monobasic and dibasic sodium phosphate) using a

15kDa MWCO Amicon spin column. The circular dichroism (CD) spectra were measured

on a Jasco J-815 circular dichroism spectrophotometer scanning from 190-260 nm[230].

The resulting spectra were analyzed by the servers BeStSeL, K3D2, and DichroWeb’s

CDSSTR protocol using the SMP180 basis set[231–233]. Spectral analysis was compared

to CD spectra of homology models and known protein structures with homology greater

than 20% (Table 1) by back-calculating CD spectra with the PDB2CD server to check that

the experiment accurately recapitulated secondary structure of the predicted folds seen in
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the homology model[234].

3.3.18 Lipid Blots

Echelon PIP membranes were incubated with 20ml PBST-BSA blocking buffer

(137mM NaCl, 2.7mM KCl, 10mM Na2PO4, 1.8mM KH2PO4, pH 8, 0.1% (v/v)

Tween-20, 1mg/ml BSA) for 1 hour. The membrane was then incubated with 0.5 μg/ml

Syx393−792 in PBST-BSA buffer for 1 hour. The protein solution was discarded and the

membrane was washed 3 times for 5 minutes with PBST. The membrane was then

incubated with 5ul of Qiagen 34660 mouse anti-HIS – 1:2500) in 20ml PBST-BSA for 1

hour, followed by another 3 wash steps with PBST for 5 minutes each. Finally, the

membrane was washed with 10ul secondary antibody (in 20ml PBST-BSA) for 1 hour

before washing another 4 times with PBST for 10 minutes. The blot was imaged using a

based chemo-luminescent system using peroxide and luminol solutions from thermo

(thermo 46640), and imaged with a GE Typhoon imager.

3.4 Results

3.4.1 Sequence Analyses Homology Modeling Guided Construct Optimization for

Structural Studies

To assess which regions of Syx were most likely to be ordered and determine which

domains were likely to be useful targets for structural discovery, a homology model and

corresponding sequence analysis were performed. Sequence identity between Syx and the

most homologous proteins that have solved structures indicated a sequence identity of

approximately 25% (Figure 3.11). Homology modeling of Syx DH-PH fragments

predictably produced a model largely similar to known homologous structures, however

regions of the DH and PH domain have several stretches that were unable to be modeled
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reliably as determined by their homology to known structures. Most notably a loop on the

PH domain had no matching homology anywhere in the PDB (Figure 3.11). Interestingly,

despite these regions not being well represented in the PDB, in a multiple sequence

alignment (mapped onto a homology model for reference) these same regions were not

highly divergent from known sequences the NCBI sequence database (Figure 3.20).

Analyses of the full length Syx protein using iTASSER [235] and DISOPRED3 [236]

showed that the regions flanking the DH and PH domain were predicted to contain

intermittent regions of highly disordered loops and poly-glutamate stretches. These

regions were predicted to be poor targets for structural discovery, therefore truncation of

the wild type protein was warranted.

3.4.2 Expression Screens Generate Reliable Protein Production Conditions

HIS-tagged mouse Syx constructs received from the Anastasiadis lab contained Syx

GEF domains with truncations over four residue ranges: 1) 290-799, 2) 290-748, 3)

406-799, 4) 406-748, as well as a GST-tagged full-length mouse Syx. Expression in E.

coli was only observable for mouse construct Syx406−799, which showed modest

expression with several unwanted lower molecular weight bands for the mouse Syx

protein (Figure 3.1, lane B). Screening of expression conditions revealed that peak protein

levels were achieved within four hours of induction at 25°C. At this juncture a human

homologue of the Syx406−799 mouse construct we refer to as Syx393−792 was optimized for

expression in E. coli. Screening showed meager enhancement of expression, but more

importantly it showed none of the unwanted lower molecular weight bands seen in the

mouse construct (Figure 3.1, lane A (human optimized) vs. lane B (mouse native)).

Marginal improvements in yield were achieved by using T7 Express lysY/Iq BL21(DE3)

E. coli (NEB). We then aimed to further improve on the codon-optimized construct with

the addition of various fusion proteins for enhanced solubility and purification (Figure
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3.12). We also attempted small scale IMAC (Ion Metal Affinity Chromatography)

purification, however, we were not able to recover any substantial amount of protein.

When expression was screened on several fusion constructs, the N-terminal MBP-Syx

fusion construct produced large quantities of protein which were clearly visible on a

Coomassie stained SDS-PAGE gel at the correct molecular weight (Figure 3.13).

Figure 3.1: Comparison of expression of mouse Syx406−799 and codon optimized human

Syx393−792 genes. Identical fractions were visualized with silver stain and western blot.

(Lanes A. Human Syx393−792: MW 48.3kDa. Lanes B. Mouse Syx406−799: MW 46.6kD.)

3.4.3 Size Exclusion Chromatography Dynamic Light Scattering Reveal Pure,

Milligram Quantities of MBP-Syx393−792 with a Large Molecular Radius

Protein quality after expression was tested via size exclusion chromatography (SEC)

and DLS. Purification of the MBP-Syx393−792 via amylose column and SEC was confirmed
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to be over 90% pure by Coomassie stained SDS-PAGE (Figure 3.13). Protein yields after

amylose column were approximately 10 mg per liter of culture. DLS showed presence of an

aggregate with a particle sized 17 nm and a polydispersity index (PDI) of 0.54 indicating a

mixture of populations (Figure 3.18). All SEC runs with MBP-Syx393−792 on a Superdex-

200 increase 30/100 GL SEC column resulted in a large clearly visible peak eluting at or

near the void volume of the column, around 8ml (Figure 3.2). This occurred regardless

of changes in pH from pH 10 to pH 5, below which no protein was visible indicating that

it had crashed out of solution. In addition, trials of numerous common buffer additives

commonly used to reduce aggregation were not effective. These results are indicative of a

soluble aggregate or very large homo-oligomer. The best conditions established (10mM

Na2PO4, 1.8mM KH2PO4, pH 8) were able to generate a very small peak corresponding to

monomeric protein (MBP-Syx393−792 control shown in orange Figure 3.3A).When the peak

corresponding to the molecular radius of monomeric protein was isolated and re-run on the

same SEC column, the result was a similar equilibrium of two peaks with the predominant

population in the void volume. Solubility screening using Hampton detergent and additive

screens were not successful at reducing the presence of the aggregate as measured by DLS.

3.4.4 RhoA – Syx393−792 Complex Formation

Size exclusion chromatography was used to visualize peak shifts that indicate the

formation of a protein-protein complex upon mixing MBP-Syx393−792 or cleaved

Syx393−792 with RhoA. The Syx393−792-RhoA complex was formed in several different

trials to establish conditions which would produce a monodisperse complex suitable for

structural studies. RhoGEF DH-PH domains are expected to have the highest affinity for

RhoA when it has no nucleotide bound, therefore removal of GDP is likely necessary to

drive complex formation with Syx. Most small GTPases are unstable in their apo form

and quickly degrade without GDP or a GEF stabilizing them. This step was complicated
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Figure 3.2: Screening of SEC buffer conditions did not produce monomeric MBP-

Syx393−792 as shown by SEC absorbance trace at 280nm. Each sample was from the same

preperation of MBP-Syx393−792 and differed only by the buffer additives indicated in the

legend. Buffers all contained 500mM NaCl, and also contained the following buffers: pH

4-5: 20mM sodium acetate buffer, pH 6: 20mM sodium citrate, pH 7: 20mM sodium

phosphate, pH 8: 20mM Tris, pH 9: 20mM glycine, and pH 10: 20mM CAPS buffers. 1%

Tween20 and 500mM (NH4)2SO4 respectively were both added to a base buffer of 20mM

HEPES pH 7.5, 500mM NaCl in the case of the final two SEC runs.

by the high binding affinity of GDP with RhoA, which required optimization to find

conditions which do not drive aggregation but still effectively remove GDP. The dashed

line in each of the SEC traces in Figure 3.3A indicates absorbance at 260nm which is the

absorbance peak for nucleotides like GDP while the solid line shows the absorbance at

280nm. peaks where the 260nm absorbance signal is greater than 280nm absorbance

signal suggest the presence of lingering GDP. These data indicate that GDP appeared to

be most effectively removed from RhoA by ammonium sulfate precipitation in the

presence of Syx (Figure 3.3A, second trace from the top, shown in light blue). This

condition also shows the largest peak shifted towards lower retention times, suggesting the

presence of a complex which was larger than the control trace of Syx alone (Figure 3.3A,

89



orange trace). This was confirmed by SDS-PAGE analysis showing bands at the correct

molecular weights for Syx393−792 and RhoA in this fraction (Figure 3.4).

Figure 3.3: (A) SEC absorbance trace at 280nm of mixtures of MBP-Syx393−792 and

RhoA after using varying strategies for removing GDP from RhoA to induce the formation

of a high affinity MBP-Syx393−792–RhoA complex. The protein standard consists of A.

Thyroglobulin (Mr 669 000), B. Ferritin (Mr 440 000), C. Aldolase (Mr 158 000), D.

Conalbumin (Mr 75 000), E. Ovalbumin (Mr 44 000), F. Carbonic anhydrase (Mr 29 000),

G. Ribonuclease A (Mr 13 700). MW of N-term MBP-Syx is 90.8kDa. RhoA is 22kDa.

(B) Cartoons depict expressed protein fusion constructs of bothMBP-Syx393−792 and RhoA.

RhoA is truncated at residue 184 to remove its highly charged linker and geranylgeranyl

transferase recognition site. Mix 5 was made by ammonium sulphate precipitation of just

RhoA before mixing. All other complex formation mixes (Mix 1-4) were made by first

mixing MBP-Syx393−792 and RhoA 1:1 and allowed to equilibrate for one hour before

attempting to remove GDP.

3.4.5 Circular Dichroism Spectroscopy Indicates That E. coli Expressed Syx393−792 Has

Characteristic Spectra of a Folded Protein

Circular dichroism (CD) spectroscopy was performed to ascertain if cleaved

Syx393−792 was folded correctly by comparing the experimentally predicted secondary
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Figure 3.4: Coomassie gel on the left shows MBP-Syx393−792 (lane A) cleavage with

TEV protease produces an approximately 48kDa band (Lane B) corresponding to the

molecular weight of Syx393−792 (48kDa andMBP 42kDa), indicative of successful cleavage.

Coomassie gel to the right shows fractions from SEC run “mix 4” shows the presence of

bands corresponding to the correct molecular weight for RhoA andMBP-Syx393−792. Bands

in fractions at 8 and 9ml indicate the presence of MBP-Syx393−792 and RhoA where bands

in fraction 15, 16, and 17ml indicate the presence of RhoA and cleaved MBP-Syx393−792

due to background cleavage activity at the TEV site.

structure with the secondary structure of known highly homologous crystal structures.

Analysis of the CD spectra of Syx predicted an α-helical content of 30–56% and a β-sheet

content of 10–24% depending on the algorithm used. CD results were checked by feeding

an iTASSER homology model into PDB2CD that resulted in a plausible secondary

structure prediction of 47% helix and 11% β-sheet (Table 3.1)[237]. Therefore, CD

indicates the presence of a folded protein (Figure 3.4) with similar secondary structure

characteristics as Syx homologues (Table 3.1).
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Method Helix β-sheet Turns Unordered NRMSD Homology

BeStSel 30.1% 24.6% 8.6% 36.7% 0.013 -

CDSSTR 54.0% 10.0% 10.0% 24.0% 0.014 -

K2D3 36.2% 20.1% - 43.8% - -

SyxDH−PH model 47.2% 10.9% - - - 100%

(PDZRhoGEF) 1XCG 47.1% 10.9% - - - 25.8%

(P115-RhoGEF) 3ODW 57.7% 14.0% - - - 23.9%

(LARG-RhoGEF) 1X86 48.7% 13.0% - - - 21.4%

Table 3.1: The top of the table shows CD-spectra secondary structure prediction

of Syx393−792 using various methods including BeStSel, CDSSTR, and K2D3 vary

considerably. The bottom half shows secondary structure prediction of different

homologous PDB structures and the DH-PH domain of the Syx homology model.

Figure 3.5: CD spectral analysis of Syx. Experimental spectra is shown as black dots in

the plot below. Fits of CDSSTR (SMP180), BeStSel, and K2D3 CD analysis algorithms

are shown as purple dashes, green line and red + respectively. The predicted spectra of Syx

based on the homology model is shown in blue dashes.
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3.4.6 Biophysical Surface Analysis

The homology model of Syx was analyzed by several methods to ascertain why size

exclusion results suggest the presence of an aggregated protein. Homology models were

analyzed with the protein-sol server that produced protein models scoring the ratio of

solvent accessible non-polar residues to polar residues at a given location in the sequence

to illustrate relative hydrophobicity of the structure. The analysis also calculated

electrostatic potential of the protein surface using a Finite Difference Poisson-Boltzmann

(FDPB) method to score the structure such that it can be visualized based on charge

distribution (Figure 3.15)[238]. The analysis revealed a highly un-conserved, hydrophobic

loop on the PH domain of Syx that may influence its interaction with the membrane or

drive interactions with other hydrophobic domains (Figure 3.5, indicated in purple).

Visualization of charge distribution also showed that the protein was highly polar and had

a predominantly positive charge all over the DH domain including the RhoA binding

site[239], and a highly negative charge on the PH domain, except for a few membrane

facing loops (Figure 3.15).

3.4.7 protein Engineering

Structurally corrected CamSol web server[227] predictions indicated that several

arginine residues were potentially driving aggregation, shown as redder areas on the

cartoon (Figure 3.6). These predictions coincided with several predictions made by

Rosetta design for stabilizing mutations. After manual curation of predicted sites,

positions R466, R562, and R698 (Figure 3.6 cartoon) were chosen for site directed

mutagenesis. Protein was purified and analyzed identically to Figure 3.3 MBP-Syx393−792

control (orange trace). SEC of mutants revealed several shifts towards higher retention on

the column suggesting a reduction in molecular radius of the aggregate (Figure 3.6 blue,
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Figure 3.6: Mutations to surface residues predicted by CamSol web server resulted in

SEC peak shifts. Mutations to surface residues predicted by CamSol web server resulted

in SEC peak shifts suggesting that these mutations produced improvements to problematic

aggregation characteristics. Mutant R698S shown in blue had the most pronounced peak

shift.

orange, and green trace).

3.4.8 Molecular Dynamics Simulations Recapitulate Interactions Seen in RhoGEF

Crystal Structures and Suggest Mechanisms of Membrane Allostery

An all atom molecular dynamics simulation of the full length Syx-RhoA complex

(Figure 3.8A, cropped for visualization) was performed to observe if the protein-lipid

interface between Syx and the membrane produced significant structural reorganization of

hydrophobic loops, and dynamic network analysis was performed to attempt to detect

interactions that might produce allosteric effects on the active site of RhoA. Dynamic
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Figure 3.7: The ratio of non-polar to polar residues that are solvent accessible, as scored by

the protein-sol server. Red regions have the highest ratio of non-polar residues while blue

patches have the lowest ratio of non-polar to polar residues. The purple bracket indicates

the unique hydrophobic loop on the Syx PH domain in the multiple sequence alignment.

The analysis reveals a large, membrane facing, non-polar loop on the PH domain which is

not conserved in any other homologous RhoGEF structures.

network analysis revealed that these simmulations accurately recapitulated binding

interactions that have been observed in other co-crystal structures of Dbl family RhoGEFs

with RhoA (Figure 3.8B)[193, 240]. Both the “switch I” and “switch II” region of RhoA
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were shown to interact with the DH domain of Syx (Figure 3.8B)[115]. Syx interactions

with the “switch I” region of RhoA were observed to co-vary with several residues

responsible for binding the magnesium co-factor that interacts with the di-phosphate

moiety of GDP, including Thr-19, Thr-37, and Asp -59. Displacement of this magnesium

is expected to be pivotal for hypothesized mechanisms of guanine exchange[128].

Optimal path analysis to determine the most significant interaction networks between two

linked residues suggested that several interactions between the PH domain and RhoA

were observed to be capable of linking membrane interacting residues on the PH domain

to many key residues in the RhoA switch region such as Thr-37. Residues such as

Lys-104 of RhoA were found to propagate interactions from the PH domain all the way to

the GDP binding site (Figure 3.17A), and have the potential to propagate allosteric

interactions that could influence GEF activity when the GEF-RhoA complex is in the

presence of a membrane. Additionally, the modeled geranylgeranyl linked cysteine-190 at

the C-terminus of RhoA was observed to make several transient interactions with the

membrane embedded PH domain of Syx (Figure 3.8C).

3.4.9 SEC of SF9 pDUAL Syx-RhoA Co-expression Shows a Peak at 10ml Suggesting

the Presence of Protein Suitable for Structural Studies.

SF9 cells transfected with bacmid containing the pDual plasmid for co-expression of

MBP-Syx393−792 and RhoA produce protein that resulted in a SEC peak at approximately

10ml that was 2x larger than the peak at 8ml (Figure 3.9A). This peak is not present in SEC

traces of proteins purified from E.coli cells. Coomassie stained SDS-PAGE confirms the

presence of bands in all fractions at the correct molecular weight to be MBP-Syx393−792.

Bands in fractions 10, 11, and 12 correspond to fractions that elute at 10ml. These fractions

also contain contaminating bands at approximately 40kDa and 15kDa (Figure 3.9B).
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(a)

(b)

(c)

Figure 3.8: (A) The architecture of the docked Syx-RhoA complex as was simulated,

complete with PI(4,5)P2 (light green spheres), GDP (teal sticks), and Mg2+ (purple sphere)

cofactors and post translationally geranylgeranylated Cys-190 (light yellow spheres),

simulated on a POPC and PI(4,5)P2 bilayer. (B) Dynamic network analysis of the DH

domain interacting with RhoA Switch I and Switch II residues (shown as cyan sticks)

illustrate how these interactions (yellow tubes) influence the residues responsible for

complexing Mg2+. (C) shows the geranylgeranyl group (green) conjugated to RhoA (red)

residue C190. The geranylgerany group formed transient interactions with the PH domain

of Syx (blue) at the interface of the membrane and the cytoplasm during the 1 microsecond

all atom mollecular dynamics simmulation.
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Figure 3.9: (A) Syx and RhoA co-expression in SF9 cells results protein which produces a

SEC peak at 10ml. This is suggestive of the fact that this peak contains protein which is not

aggregated and may be suitable for structural studies. (B) Coomassie SDS-PAGE gel of

SEC fractions of the SF9 pDUAL expressed protein reveals that all fractions contain MBP-

Syx393−792, with peaks at 10ml containing traces of contamination or degradation products.

On the right, lanes show protein from the amylose column elution and flow through, as

well as the results of an unsuccessful membrane extraction from the same cell pellet using

β-DM.

98



3.4.10 Lipid Blots

The lipid blots show that E.coli derived Syx binds PIP2 isomers, especially PI(4,5)P2,

with minor binding apparent for PI(3,4)P2 and PI(3,5)P2. Unexpectedly, Syx also showed

strong affinity for phosphatidic acid (PA)(Figure 3.10A). The same experiment repeated

with protein derived from SF9 cells resulted in a drastically different PIP binding profile

which bound the same PIP2 moieties but also bound PI(3)P, PI(4)P, and PI(5)P (Figure

3.10B).

(a) E. coli derived lipid blot with Syx (b) S. frugiperda derived lipid blot with Syx

Figure 3.10: (A) Lipid blot made using E. coli derived Syx393−792 shows qualitative Syx

lipid binding to several lipids and indicates affinity for phosphatidic acid and PI(4,5)P2 as

well as other PIP2 species. (B) Lipid blot made using Syx393−792 from S. frugiperda cells

shows more promiscuous binding and also shows tropism for PIP lipids PI(3)p, PI(4)P,

and PI(5)P. Considering that the sequence of the construct is otherwise identical, this

is suggestive of a difference in folding of the PH domain produced in each respective

organism.

3.5 Discussion

Here we use a combination of protein expression, purification, spectroscopic and

modeling techniques to characterize Syx, a partially soluble Dbl RhoGEF protein.

Successful expression and purification of Syx was pivotal for all biophysical

characterization performed. The exploratory expression of the wild type mouse Syx gene
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initially displayed low expression and degradation when expressed in E. coli. The fact that

codon optimization alleviated the formation of degradation products suggests that initial

expression difficulties were caused by bacterial ribosomes being unable to complete

production of the protein because of stoichiometric restrictions due to the presence of rare

or promiscuous codons in the mouse gene. It is also notable that all solved structures of

RhoGEFs were fragments of the DH and PH domain, expressed with the help of fusion

constructs of either MBP or GST[241–243]. We also observed that MBP fusion enabled

high level expression and protein solubility dropped dramatically upon TEV cleavage,

suggesting that solubility was a culprit of the expression issues with these proteins and that

hydrophobic loops might be exposed on the protein surface. Protocols for production of a

monodispersed sample of native Syx protein remain elusive despite numerous exhaustive

attempts at construct and buffer optimization, including pH modulation, addition of

several detergents, chaotropes, kosmotropes, and charged amino acids (arginine and

glutamic acid)[244, 245]. Buffer and purification optimization is ongoing with the goal of

minimizing aggregation and achieving a polydispersity index (PDI) of <0.2 which is ideal

for crystallographic studies. Low solubility is a major limitation for crystallographic

studies which work best with high concentrations of protein. TEV cleavage of the purified

MBP fusion protein produced an increasingly turbid suspension at concentrations above

4mg/ml, indicating the formation of large aggregates in solution without the solubility

enhancing effects of the fusion tag (Figure 3.14). This was further corroborated by size

exclusion chromatography. We have shown circular dichroism experiments that support

the hypothesis that this protein is not forming a misfolded aggregate (Figure 3.5) and is

instead forming non-stoichiometric homo-oligomers. This is further supported by the fact

that this protein complex shows RhoA binding activity by SEC (Figure 3.3) and dot blot

(Figure 3.19). This suggests that disruption of the protein-protein interactions that lead to

the formation of the large non-stoichiometric homo-oligomer could result in a protein
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sample which is suitable for structural studies[246–248]. This hypothesis of non-specific

interaction is potentially explained by the results of the protein-sol analysis which shows

that this protein contains highly hydrophobic loops which may drive interaction (Figure

3.7). The analysis also revealed highly charged domains with a large positively charged

patch on the DH domain and negative charged regions on the PH domain (Figure 3.15).

These patches may stick to each other without the steric bulk and entropically driven

stabilizing effects of disordered regions that are present in the native protein. Protein

engineering efforts focused on removing the numerous highly exposed arginine residues

and other surface facing residues known to cause nonspecific protein interactions such as

methionine, tryptophan, tyrosine, and phenylalanine, presents a promising approach for

producing monomeric protein suitable for structural studies that will be suitable for future

drug design efforts. A complex structure of Syx bound to RhoA would be most useful for

structurally guided drug design so optimized protocols for forming the complex while

maintaining the integrity of the proteins is needed. RhoGEFs have highest affinity for apo

RhoA so formation of apo RhoA is essential, however RhoA has picomolar affinity for

GDP[249]. The active site of RhoA contains a magnesium ion which forms multiple ionic

interactions with the phosphate groups of GDP. Strategies to remove the tightly bound

GDP require removal of the magnesium, either with excess EDTA, high concentrations of

ammonium sulphate, aggressive buffer exchange, or the presence of an active GEF.

Ongoing work seeks to quantify Syx binding affinity to phosphoinositide lipids to

characterize contextual protein localization in the cell and potentially establish if allosteric

inhibition is possible. Lipid blots were used to verify Syx binding affinity to PI(4,5)P

phospho-inositide lipids. This is the canonical ligand for PH domains[132, 196]. Syx was

also observed to bind to other inositide lipids and phosphatidic acid, suggesting the

presence of other binding sites or promiscuous binding. Syx is known to associate with

the CRUMBS polarity complex, and is associated with stress fiber production and the

101



maintenance of cell-cell junctions, therefore it would make sense that the PH domain of

this protein would bind a PIP lipid[109–111, 116, 133, 194, 250, 251]. However the

presence of binding activity for lipids outside the canonical PI(4,5)P2 suggests the

possibility for previously undescribed associations and localization dynamics that may be

relevant to epithelial-mesenchymal plasticity.

In vivo, Syx is bound to the CRUMBS complex via Mupp-1[133, 206]. Given the

membrane trafficking at this site, it would make sense that the PH domain of this protein

would likely bind PI(4,5)P2, the canonical ligand for PH domains, because PI(4,5)P2 is

also associated with actin cytoskeletal activity modulated by the CRUMBS polarity

complex[109–111, 132, 133, 206, 250–253]. Active RhoA stimulates PIP 5-kinase and

subsequent formation of PI(4,5)P2, implicating a positive feedback mechanism where

active RhoA results in production of PI(4,5)P2, which recruits Syx to reactivate RhoA as

part of a cell’s apical cell polarity program[253, 254]. Notably, Syx mediated RhoA

activation of kinases is colocalized with angiomotin, another phosphoinositide binding

protein with phosphorylation dependent oncogenic potential via the hippo

pathway[206, 255]. In the future, Large Unilamellar Vesicle (LUV) pull-down assays

may answer these questions as well as guide ongoing purification and structural analysis

strategies that include the addition of various lipids, membrane mimetics, and protein

cofactors that may reduce unwanted interactions and ultimately allow for further

characterization.

All atom molecular dynamics simulations revealed a network of interactions that

facilitate GEF activity when bound to RhoA. The analysis revealed several interactions

between RhoA and the PH domain, mediated by hydrogen bonding networks between

positively charged residues and PI(4,5)P2 phospho-inositide head groups which may

represent a novel mechanism for allostery (Figure 3.16, 3.17). This interaction may

directly influence the active site of RhoA, as optimal path analysis of the dynamic network
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showed interactions at the membrane interface of the PH domain share covariance

networks that form a link to the active site of RhoA via an optimal path traveling through

a lipid headgroup (Figure 3.16). Even more intriguingly, simulations revealed novel

interactions between the geranylgeranyl prenyl group ligated to the N-term of RhoA

residue 191. These simulated interactions represent a hypothesis for a novel function of

the PH domain in membrane associated GEFs (Figure 3.8C). It is conceivable that the PH

domain constitutes a lipid binding site situated within the membrane that forms

intermolecular interactions with the geranylgeranyl group and helps position RhoA for

efficient guanine exchange and alter the binding mode between the DH and PH domains

in such a way that it could impinge on the switch regions of RhoA, and help facilitate the

opening of the binding site, thus enhancing the release of GDP (Figure 3.8, 3.16). These

C-terminal residues and post translational modifications of RhoA are missing from all

current GEF-RhoA complex structures. Given that addition of liposomes to activity

assays has been shown to enhance activity in other related systems, it is conceivable that

this type of interaction is contributing to guanine exchange catalysis [198, 200, 256–258].

Structural and kinetic studies with GEFs bound to geranylgeranylated RhoA in the

presence of a membrane are required to confirm this hypothesis which may be the subject

of future work. Subsequent attempts at generating monodispersed Syx will be made by

co-expressing Syx with RhoA in insect cells, as well as purification strategies that take

into account the amphiphilic nature of this membrane-associated protein. The modeling

efforts included in this paper have provided insights for ongoing future work including

mutagenesis efforts to engineer the surface of Syx to replace residues that are likely to

contribute to nonspecific protein interactions as well as several provocative insights into

the potential effect of membranes on the structure and function of this protein that may

support establishment of new druggable sites with further experimental validation.
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3.6 Outlook

3.6.1 Conclusions and Further Experiments

We have shown data to suggest that insect cell derived Syx may be properly folded

and monomeric, therefore more experiments are warranted to determine if this protein is

suitable for structural studies. Experiments to repeat many of the characterizations done

with E.coli derived protein such as complex formation experiments, lipid binding assays,

and secondary structure analysis with a CD melting curve would establish its stability and

suitability for crystallography [259].

While structural discovery remains difficult with this protein, opportunities exist to

progress with research that would be beneficial for the development of therapeutics

against the Syx-RhoA complex. Furthermore several tractable experiments would

increase our understanding of this protein and associated disease states. Chief among

these would be to measure the GEF activity of this protein. Commercial assays exist,

which will determine GEF activity and are suitable for high throughput drug assays[260].

In addition, experiments measuring the tropism and binding constants of Syx small

GTPase binding activity would go a long way towards establishing if Syx is

predominantly a RhoA GEF as has been postulated by bioinformatic analyses of the

binding site. It remains plausible that the effects of Syx knockdown are due to a different

mechanism such as Rab26 tropism reported in Lüningschrör et al. (2017) [208].

A bioinformatic analysis comparing the amino acid ratios reveals that when

comparing this protein’s DH-PH domain with the other solved Dbl family RhoGEF

structures, the ratio of arginine residues to lysine residues is significantly higher in the Syx

DH-PH region than any other of the solved structures (Figure 3.6). When doing a manual

analysis of the surface of the homology model of Syx it is clear that many of these

residues are both solvent accessible and not relevant to the RhoA binding interface and
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therefore would make good mutagenesis targets. Furthermore, it is well known that the

residues methionine, tryptophan, phenylalanine, and tyrosine can also produce

problematic conditions on the surface of proteins and may also be viable targets for

mutagenesis. At the same time, the most significant methodological improvements would

most likely be a combination of mutagenesis and expression in a mammalian cell line

where the protein can be properly folded and stabilized.

3.6.2 Open Questions in Syx Biochemistry

We also note the existence of a PLEKHG5 isoform 8 (UniProt ID Q5SY18) that is

noticeably absent in both a PDZ binding motif, as well as the C-terminal phosphorylation

site that was shown to be a 14-3-3 protein binding site. Given that 14-3-3 protein binding

may be a source of inhibition and negative regulation of GEFs, it is possible that this isoform

may be an un-regulated and constitutively active form which may not appear in typical

experiments where the Syx protein is visualized using antibodies or pull-down methods

which bind the missing C-term.

Another open question is the level of contribution that the PH domain has in terms of

binding RhoA and catalyzing GEF activity. Canonically, the DH domain is the primary

domain responsible for inducing conformational changes on small GTPases that promote

GDP release from the active site, and allow the GTP to bind, reactivating the small GTPase.

The PH domain is largely responsible the specific localization of the GEF to negatively

charged and highly phosphorylated regions of the lipid membrane. At the same time, a

cursory analysis of GEF structures in the PDB reveals that variability amongGEFs as to how

much the PH domain interacts with their respective small G protein. Structures like 4XH9

show the PH domain directly interacting with RhoA, while 4DON shows no interaction at

all. More homologous structures such as 1X86 and 1XCG show variable amounts of PH

domain interaction, suggesting that this could potentially also be an artifact of crystallization
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conditions or of protein folding, especially given the sensitive nature of these domains.

3.7 Supporting Information

(a) (b)

Figure 3.11: (A) Homology modeling of Syx protein. Most key functional regions

associated with interactions with RhoA were highly conserved between known PDB

structures (shown in blue) but some peripheral loops were not conserved and were therefore

poorly modeled as shown in red. (B) Structures in the Protein Data Bank with percent

identity to the Syx DH-PH domain of greater than 15% are shown. Three Dbl homology

RhoGEFs had the highest percent sequence identity, with PDZRhoGEF sharing 26%

sequence identity.

C-score Expected TM-score Expected RMSD

0.19 0.74±0.11 6.2±3.8

Table 3.2: Homology model metrics suggest that the homology model generated by

iTASSER was highly accurate. C-score may vary between -5 and 2 with higher C-scores

considered to be higher confidence predictions. Another measure of model quality, TM-

scores of >0.5 indicates the correct overall topology as determined by RMSD.
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Figure 3.12: All variants of Syx were cloned into addgene constructs based off of the pET

series of vectors and were expressed in BL(21) pLysS/IQ E.coli cells. Constructs included

N-terminal His taggedMBP, GST, SUMO, GFP, and C-terminalMBPwith a TEV cleavage

sequence for tag removal.

Figure 3.13: Amylose column purification trace of MBP-Syx375−792 shown as blue trace

produced approximately 90% pure protein as indicated in overlayed Coomassie SDS-PAGE

gel image.
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Figure 3.14: Cleavage of MBP from MBP-Syx393−792 reduces solubility and results in

crashed out protein above 4mg/ml.
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Figure 3.15: B-factor tubes indicate electrostatic potential of the protein surface as

calculated by the Finite Difference Poisson-Boltzmann (FDPB) method. Highly positively

charged sections colored red and highly negatively charged sections in blue.
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Figure 3.16: Optimal path analysis shown in green shows a direct path from residues at

the membrane interface of the Syx PH domain (dark blue cartoon), through a PI(4,5)P lipid

(shown as aqua colored sticks), and on to the active site of RhoA (red cartoon).

Figure 3.17: Protein-lipid interactions with a modeled lipid membrane (only PA and

PI(4,5)P shown to demonstrate membrane orientation), and covariance network of the upper

half of the DH domain shows interacting networks of covariance (shown in pink and yellow)

propagating from the DH domain of Syx (blue cartoon) into the active site of RhoA (red

cartoon). RhoA Switch I residues with significant interactions with the DH domain are

shown in aqua, GDP is shown in teal.
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Figure 3.18: DLS of E.coli derrived Syx revealed a polydisperse particle size with a

dominant population of particles too large to be monomeric Syx, indicating likely homo-

oligomerization or aggregation.

Figure 3.19: Protein dot blot shows that Syx binds to RhoA as revealed by staining with

an anti-Syx antibody. The same antibody was blotted onto the membrane above RhoA as a

positive control.
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Figure 3.20: Sequence conservation between Syx and other highly homologous sequences

is mapped onto a homology model of the Syx DH-PH domain. Magenta colored regions

indicate the most highly conserved regions, with blue indicating the most divergent regions

of the sequence. MAFFT was used to create the conservation matrix with an average

sequence identity was cut-off at 18.7% pairwise % identity (BLOSUM62 pairwise %

positive: 35.2%)
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