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“The time has come,” the Walrus said,

“To talk of many things:

Of shoes — and ships — and sealing-wax —
Of cabbages — and kings —"

Lewis Carroll, Through the Looking Glass

— Of penton bases, integrins
In ratios varying bound
Of sugars for bacterial growth

In enzyme crystals found
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Abstract
Structural biology is a branch of science dedicated to the determination and analysis
of the shapes of biological molecules. This work describes two projects aiming to

determine the structures of complexes formed by proteins from pathogens.
Project 1 — MurNAc kinases of Tannerella forsythia

T. forsythia is a Gram-negative bacterium associated with late-stage periodontitis,
unable to synthesise the sugar N-acetylmuramic acid (MurNAc), required for the
synthesis of the peptidoglycan (PGN) layer. The sugar kinase murein kinase (MurK)
has been previously shown to 6-phosphorylate MurNAc after import into the cytoplasm.
Here, the crystal structures of MurK and its paralogue K1058, in complex with their
MurNAc substrate, are presented, leading to the identification of the basis of MurNAc
specificity in sugar kinases. This is mediated by an absence of bulky residues
introducing steric hindrance against the lactyl ether group. Results of kinetic assays of
the kinases agreed with previously published MurK apparent kinetic parameters (Ku
180 UM, Vmax 80 pmol min-' mg') and showed that K1058 had a higher binding affinity
for MurNAc than MurK (apparent Km 30 uM), but much lower efficiency (apparent Vmax
0.34 pmol min' mg™"). Hence, the natural substrate of K1058 remains to be
determined. While the potential of MurK as a druggable target for periodontitis is
uncertain, these first structures of MurNAc kinases in complex with their substrate
provide new insights into their specificity, which could be applied to drug design or
research on glycan processing in other organisms.

Project 2 — Human adenovirus and its integrin receptor

Human adenoviruses (HAdV) are double-stranded DNA viruses, responsible for a wide
range of symptomatic diseases such as keratoconjunctivitis, respiratory, and
gastrointestinal illnesses. Their broad tropism and large carrying capacity also make
them attractive gene delivery vectors for vaccine or gene therapy applications.

To initiate infection, HAdV bind to an attachment receptor on the host cell surface, then
enter the cell by engaging a transmembrane integrin protein. This work aimed to
structurally characterise the complex between the HAdV penton base (pb) capsid
protein from HAdV-C5, HAdV-D9, and HAdV-B35, and the avBs integrin entry receptor.
The purification of both complex components from insect cells was optimised
successfully, but preparations of pb formed higher-order oligomers and had to be

maintained at a low concentration. Complex formation was confirmed with negative



stain electron microscopy (EM) and cryoelectron microscopy (CryoEM). CryoEM 3D
reconstructions of the HAdV-C5 penton base in complex with avBs included a
pentameric pb structure at resolution below 5 A and pb at lower resolution (below 10
A) with separate, featureless electron density, in some cases linked to the pb by an
elongated bridge. The density could not be identified as the integrin with certainty due
to the lack of detail. Initial attempts to purify the complex and remove the unbound
pentamers that weaken the signal, failed. Future work will include purification of

optimised pb constructs and structural characterisation of the complex.



Zusammenfassung

Strukturbiologie ist ein Teilgebiet der Wissenschaft, das sich mit der Aufklarung und
Analyse der Struktur biologischer Molekule beschaftigt. Diese Arbeit beschreibt zwei
Projekte, deren Ziel die Aufklarung der Strukturen der Proteine aus Pathogenen, im
Komplex mit anderen Molekulen, war.

Projekt 1 — Die Zucker-Kinasen der Tannerella forsythia

T. forsythia ist ein mit fortgeschrittener Parodontitis verbundenes gramnegatives
Bakterium, das den Zucker N-Acetylmuraminsaure (MurNAc), der fur die Synthese des
Peptidoglykan notwendig ist, nicht herstellen kann. Es wurde zuvor gezeigt, dass die
Zucker-Kinase Murein Kinase (MurK), MurNAc nach ihrem Import ins Zytoplasma an
C6 phosphoryliert. In dieser Arbeit werden Kristallstrukturen von der mit MurNAc
komplexierten MurK und ihr Paralog K1058 vorgestellt, was die Identifizierung des
Prinzips der MurNAc-Spezifitat in Zucker-Kinasen ermaoglicht. Diese Spezifitat beruht
auf der Abwesenheit der groleren Aminosaureseitenketten, die eine sterische
Hinderung gegen die Lactylether Gruppe verursachen wurde. Kinetische Messungen
der Kinasen haben mit friher veroéffentlichten kinetischen Parameter Ubereingestimmt
(Km 180 UM, Vmax 80 pmol min' mg') und gezeigt, dass K1058 eine hohere
Bindungsaffinitat (Km 30 uM) als MurK fur MurNAc hat, aber auch eine viel niedrigere
Effizienz (Vmax 0.34 ymol min~' mg™), deshalb muss das natirliche Substrat von K1058
noch bestimmt werden. Obwohl das Potential von MurK als Zielmolekul fir Arzneimittel
gegen Parodontitis unsicher ist, schaffen diese ersten Strukturen der MurNAc-Kinasen
komplexiert mit ihrem Substrat neue Einblicke in ihre Spezifitat, was bei der
Medikamentenentwicklung oder Forschung Uber Glykanverarbeitung bei anderen
Organismen Anwendungen haben konnte.

Projekt 2 — Human Adenovirus und sein Integrin Rezeptor

Humane Adenoviren (HAdV) sind eine Gruppe von Viren mit einer doppelstrangigen
DNA, die fur ein Vielzahl von Krankheiten wie Keratoconjunctivitis,
Atemwegentzindungen oder Gastroenteritis, verantwortlich sind. Mit ihrem breiten
Tropismus und groRer Verpackungskapazitat sind sie auch gut geeignet, um als
Vektoren fur Impfstoffe oder Gentherapie verwendet zu werden.

Um eine Infektion auszuldsen, binden HAdV zuerst an einen Anheftungsrezeptor auf
der Wirtzelloberflache, dann dringen sie in die Zelle durch Bindung an das

Transmembranprotein Integrin ein. Dieses Projekt hatte als Ziel, die strukturelle



Charakterisierung des Komplexes zwischen dem HAdV-Kapsidprotein Penton Base
(pb) aus HAdAV-C5, HAdV-D9, und HAdV-B35, und dem Infektionsrezeptor Integrin
ovBs. Die Reinigung der beiden Komplexbestandteile aus Insektenzellen wurde
erfolgreich optimiert, pb bildete aber Oligomere hoéherer Ordnung und konnte
deswegen nicht konzentriert werden. Die Komplexbildung wurde durch
Negativkontrastierung-Elektronenmikroskopie und Kryoelektronenmikroskopie
(CryoEM) bestatigt. CryoEM 3D-Modelle des HAdV-C5 Penton Base Protein
komplexiert mit a3 zeigten eine pb Pentamer Struktur mit einer Auflésung unter 5 A
und ein pb Monomer mit niedrigerer Auflésung (unter 10 A) und eine weitere getrennte,
merkmalslose Elektronendichte mit niedrigerer Auflésung, die in einigen Fallen mit
dem pb Pentamer durch eine langliche Bricke verbunden ist. Die Dichte konnte wegen
des Fehlens der Unterscheidungsmerkmale nicht als Integrin identifiziert werden.
Erstversuche, den Komplex zu reinigen und dabei die ungebundene Pentamere, die
das Signal abschwachen, abzutrennen, sind gescheitert. Zuklnftige Arbeit wird die
Reinigung der optimierten pb Konstrukten und die strukturelle Charakterisierung des

Komplexes umfassen.
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1. Introduction

Part 1 — Sugar kinases of Tannerella forsythia
1.1. Bacteria as pathogens

Bacteria are unicellular organisms that constitute a domain of life separate from
eukaryotes and archaea (1,2). They are characterised by lack of a nucleus and the
presence of a cell wall. Like viruses, they are ubiquitous with regards to their habitats,
but unlike them, they are able to synthesise protein, have a metabolism and replicate
by their own cellular machinery (3). Bacteria are divided into Gram-positive and Gram-
negative species, a distinction based on absorption of a positively charged dye that
reflects the structure of their cell wall (reviewed in 4).

Despite what may seem to be relative simplicity compared to multicellular or eukaryotic
organisms, bacteria can cause pathology in other living organisms, and this is a major
reason for research interest in them. Diseases such as cholera and tuberculosis (TB)
remain major causes of death in the developing world, and food-borne or opportunistic
infections pose a danger, especially in hospital settings, in the developed world, too.
The re-emergence of TB is also starting to be a concern in high-income countries,
particularly among deprived populations, such as the homeless (reviewed in 5).
Overall, TB is estimated to have caused 1.5 million deaths in 2020, with 10 million new
infections and many of the treatment goals off track, largely due to the coronavirus
disease 2019 (COVID-19) pandemic (6). It is difficult to estimate the exact bacterial
and viral contributions to two major causes of death: respiratory and diarrhoeal
diseases. However, at least 64% of lower respiratory infection deaths were modelled
to be due to pneumococcal or Haemophilus influenzae infections (7), and the
contribution of bacteria such as Shigella, Campylobacter, Salmonella and cholera to

the diarrhoeal mortality was also considerable (8).

1.1.1. Antibiotic resistance and search for new targets

The over- and misuse of antibiotics over the past decades has predictably caused a
steady increase in infections with bacteria resistant to multiple, or even all, known
antibiotic classes, such as methicillin-resistant Streptococcus aureus (MRSA)
(reviewed in 9), TB (6) or pan-drug resistant strains (reviewed in 10). Over a million
deaths worldwide have been ascribed to antimicrobial resistance in 2019 (11). Though
studies have shown that low-cost, low-tech solutions can be a way to prevent many
issues (e.g., strict handwashing enforcement in hospital staff helped decrease the

MRSA infections in British healthcare settings, 12), they cannot act as cures for already
8



infected patients. Strict usage control and relatively short lifetime of new antibiotics to
prevent resistance reduces the commercial interest in their development.

In the search for new treatments, not only new compounds and targets, but also
secondary targets that will prevent or revert resistance, can be explored. As an
example, resistance to B-lactam antibiotics can be combated and overcome by
synergistic combinations of the B-lactam with a compound inhibiting the enzymes
involved in induction of resistance (reviewed in 13). The mechanism of action of both
B-lactams and resistance-inducing pathways centres on the processes of bacterial cell
wall synthesis and recycling, making them an important object of study. This is a
significant challenge because the particulars differ between bacterial species, requiring

specific rather than generalist solutions and the elucidation of details (reviewed in 14).

1.1.2. Bacterial cell wall-recycling cycle

The bacterial cell wall is a three-dimensional molecular structure forming a barrier
between the bacterial cytoplasm and the outside and maintaining cell shape and
osmotic pressure (reviewed in 15). It is composed of peptidoglycan (PGN), a peptide-
sugar polymer composed of lipid Il, a polyglycan stem of alternating N-acetylmuramic
acid (MurNAc) and N-acetylglucosamine (GIcNAc) hexose units, cross-linked with
pentapeptide stems and attached to undecaprenyl phosphate. PGN production and
recycling are crucial to maintaining the homeostasis of cell wall structure, which
protects the organism from the outside environment and has to be continuously
renewed, or expanded on cell division (14). In Gram-negative bacteria, the PGN layer
is sandwiched between two lipid bilayers, while in Gram-positive bacteria it is on the
outside of a single lipid bilayer. These structures can be further modified by the addition
of other molecules such as wall techoic acids or lipopolysaccharide, mediators of
pathogenicity and immune avoidance for the pathogen (reviewed in 16). These
modifications vary between different species and taxonomic categories, for instance,
the exact composition of the pentapeptide stem differs between Gram-positive and
negative bacteria, and glycans in the stem can undergo deacetylation or acetylation
(reviewed in 17,18).

De novo synthesis of PGN begins with fructose-6-P in the cytoplasm, which is
converted into GIcN-6P (glucosamine-6-P) and GIcN-1-P, with the first committed step
of PGN synthesis being the generation of GIcNAc-1-P and UDP-GIcNAc by the
bifunctional enzyme GImU (GIcNAc-1-P uridyltransferase; see Figure 1). UDP-GIcNAc
is then converted into MurNAc-containing compounds to which the peptide moieties

9



are attached. They in turn are attached to the lipid precursor to be flipped into the
periplasmic space or the outside (reviewed in 14,19). Bacterial cell wall synthesis is a
good target for antibiotics because this structure is absent from eukaryotic cells.
MurNAc in particular is not present in eukaryotic cells, making its processing steps a
selective target.

The integrity of the cell wall is crucial for bacterial survival and reproduction. The
structure is in a constant state of flux, with up to 50% of muropeptides recycled in a
single generation period in some species. Multiple enzymes participate in this process:
lytic transglycosylases cleave the GIcNAc-MurNAc chain into disaccharide units of
GlcNAc-anhMurNAc with the pentapeptide still attached, which are then transported
back across the membrane. There, the enzyme NagZ splits the disaccharide stem in
two, yielding GIcNAc and anhMurNAc peptide. Amidases then release the peptide
chain, and the products are shuttled back into the PGN synthesis pathway, where
phosphorylation and other enzymatic steps lead to the synthesis of UDP-MurNAc, a
crucial precursor of PGN (reviewed in 14,20). An additional level of complexity is the
synthesis and recycling of PGN by a network of enzymatic pathways, in a series of
steps that can vary between species. For instance, certain MurNAc-processing
enzymes bypassing the UDP-GlucNAc synthesis stage are present in Pseudomonas
putida and absent in other Gram-negative bacteria, providing the organism with a way
of maintaining cell wall synthesis even when some steps are blocked by antibiotics
(21).

The cell wall synthesis and recycling processes are vital not only for structural reasons,
but also because these pathways serve as signals and blocking them with antibiotics
will lead to resistance induced by accumulation of unusual by-products. For instance,
in many Gram-negative bacteria (3-lactam resistance is mediated by the protein AmpC,
the expression of which has been proposed to be induced by the presence of atypical
anhydropentapeptides in the cytoplasm. These molecules are a result of the
inactivation of one of the penicillin-binding proteins (PBP) by the antibiotic and signal
issues with cell-wall recycling (14). The exact identity of metabolite pools and cycles
and their relationships are not yet clear in many cases, which is why understanding
them will be an important step towards combating antibiotic resistance and discovering
synergistically acting compounds. For instance, resistance to Fosfomycin decreases

in culture on blocking cell wall synthesis (22), suggesting that a combined application

10



of Fosfomycin with a cell wall synthesis inhibitor could be a therapeutic approach to

overcome resistance.

1.2. Tannerella forsythia and its importance

Tannerella forsythia is an anaerobic Gram-negative bacterium of the Bacteroidetes
phylum and Tannerellaceae family, originally isolated from patients suffering from
different stages of periodontitis and other oral conditions such as gingivitis and
endodontic infections (reviewed in 23,24). While its contribution to periodontitis is the
main reason behind research interest in i, it has also been found in other disease
states, including cardiac cadaver tissues (25), suggesting potential links between the
bacterium and cardiac or neurological conditions (26). Its presence in calcified dental
plaque (calculus) allows studies of its lineages and evolution in archaeological samples
(27,28), from as long ago as pre-Columbian America (29).

Periodontitis is a disease of gums and adjoining tissue, where an inflammatory state
resulting from imbalance of the oral microbiome leads to decay of underlying bones
and, consequently, loss of teeth (reviewed in 30). The burden of severe periodontitis
has been estimated to 11% of the global population, making it the sixth most prevalent
condition affecting about 743 million people in 2010 (31). Additionally, some reports
indicate connections of periodontitis with diseases such as diabetes, oral cancer (32)
and Alzheimer’s (26), though the causal relationships are still largely unclear.
Traditional treatment approaches include root scaling and planing, though other
interventions, like antibiotics and immune modulators, have been applied with some
success. The mechanisms of the disease are complex, with the autoinflammatory
component driving the pathogenesis, but presence of particular microbial species
being a strong indicator of disease. A reduction in their population does not necessarily
correlate with recovery, and this interplay makes the design of targeted, non-
mechanical interventions a challenge (33).

Dysbiosis, or the displacement of healthy bacterial flora of the oral cavity with
periodontitis-promoting bacteria is thought to be a crucial step for the progress of the
disease (34). Tannerella forsythia forms a part of the so-called “red complex” with
Tannerella denticola and Porphyromonas gingivalis (35,36). Somewhat counter-
intuitively, the periodontic “red complex” is not named after the colour of the infected
tissues, but rather is the final step in the rainbow-ordered progression of microbial
assemblies over the course of the disease (i.e., it is preceded by the orange and yellow

complexes, considered “bridging pathogens”, present at earlier stages). Studies have
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shown that rather than a single red complex pathogen being the causative agent, all
three (and, potentially, more) contribute to disease course (reviewed in 37). A number
of their virulence factors, such as protein-degrading enzymes, have been proposed to
contribute to late-stage periodontitis. Additionally, they interact co-operatively: P.
gingivalis is only found in the presence of T. denticola, possibly relying on it for
nutrients. Importantly for this work, T. forsythia seems to be similarly dependent on the

complex members for a supply of N-acetylmuramic acid (MurNAc) (38).

1.3. T. forsythia kinases MurK and K1058

A peculiarity of T. forsythia is the absence of the enzymes MurA (UDP-N-
acetylglucosamine 1-carboxyvinyltransferase), MurB (UDP-N-acetylenolpyruvoyl-
glucosamine reductase), and some of the GIm family enzymes, which initiate the
synthesis of the MurNAc component of the PGN from GIcN and, earlier, the
transformation of fructose-6-P to GIcN (39,40). This results in strict auxotrophy for the
sugar, which is sourced from the environment of the bacterium, and as such MurNAc-
processing steps are a viable target for antimicrobials (41). The exception to this is the
observation that some isolates from cats and dogs do not have this dependence on
MurNAc (42). This fits with the presence of GImM, MurA and MurB-homologous
sequences in sequencing results from canine specimens (43).

An alternative pathway must exist to provide MurNAc for cell-wall synthesis,
scavenging metabolites of other bacterial species from the environment. The
conventional MurP (phosphotransferase) system known from E. coli and other species
has not been identified in the genome. Instead, the sugar is taken up by the transporter
MurT (44) and phosphorylated by the ATP-dependent kinase MurK (Murein kinase).
MurNAc-6-P can then be processed to GICNAc-6-P by the etherase MurQ, and to GIcN-
6-P by the enzyme NagZ (44). It remains unclear if and how these products feed into
the PGN synthesis pathway in the absence of traditional enzymes, given that MurK
knockout mutants seem to increase cell wall synthesis (41). Homologues of the AmgK
and MurU proteins that convert MurNAc into MurNAc-1-P and UDP-MurNAc have been
identified in the T. forsythia genome (45), which would provide a way to incorporate
MurNAc into the PGN pathways (see Figure 1). Additionally, sialic acid scavenging can
replace external MurNAc supply in biofilm forms of T. forsythia, with homologues of
enzymes able to produce GIcNAc and GIcNAc-1-P, though it is unknown how these

are processed to produce MurNAc (46).
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The kinases MurK and K1058, which share 44% sequence similarity and are encoded
by genes separated only by a single PGN-recycling gene cluster in the genome (47),
are the object of structural investigation in this work. Both phosphorylate MurNAc, and
some affinity for GIcNAc in K1058 was also reported. The biochemical properties of
MurK have been described by Hottmann and colleagues (41) and in a doctoral thesis
(47), also containing the first study of K1058. This protein has been less extensively

characterised and its participation in the PGN synthesis pathways is unclear.
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Figure 1. Selected reactions of peptidoglycan synthesis and recycling in T. forsythia
cytoplasm. The reaction catalysed by MurK, the subject of the project, is highlighted by the
blue box. Red arrows depict reactions catalysed by enzymes generally absent in T. forsythia
(47).
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1.4. Objectives and expected outcome - Part 1

The goal was to establish the atomic structures of the T. forsythia enzymes MurK and
K1058 as ternary complexes, with their sugar substrates and ATP analogues. Based
on this, the mechanism of specificity was to be identified. Previously established
purification protocols were used to produce large quantities of high-purity protein for
crystallisation and X-ray diffraction studies. Crystallisation and structure solution of the
apo forms of both enzymes and of the complex of MurK with an ATP analogue had
been performed earlier (48) by Karolin Gogler and Philip Fink. Since previous soaking
experiments have been unsuccessful, suggesting a large conformational change
causing crystal cracking, co-crystallisation approaches would be employed to
determine high-resolution structures of the protein-sugar complexes. The active site
would then be identified from the substrate binding location and comparison to
structural homologues performed to establish the basis for difference in kinetic
specificity of the enzymes.

Before this work, MurK has been shown to be involved in the MurNAc processing
pathways, with knockouts accumulating intermediate products and having a growth
advantage in MurNAc-abundant conditions, which suggested its involvement in
catabolic pathways. It was also biochemically characterised to show that it had a strong
preference for MurNAc, with Km of 113 uM, over GlcNAc, with Km of 116 mM, at short
(45 minutes) incubation periods, as established by NADH-coupled assays (41). K1058
was only examined for substrate preferences and found to be able to phosphorylate
both GIcNAc and MurNAc without a marked difference after a 16-hour incubation (47).
This work aimed to replicate these results as well as establish the kinetic parametres

for K1058 catalysis of MurNAc phoshorylation.
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Part 2 — Human adenovirus penton base in complex with its integrin
receptor
1.5. Human adenovirus

Viruses are infectious, parasitic molecular machines that require the structures of a cell
of a host organism to replicate and are unable to synthesise proteins independently of
it (49). They exhibit a striking diversity in size, type of nucleic acid, capsid structure,
host species, replication strategies and symptoms elicited. While the prevailing view
seems to be that in light of their crucial dependence on the host for proteins synthesis,
they are not living organisms themselves, this is not a consensus (49-53). Regardless
of this controversy, largely influenced by semantic definitions of life (54), which attempt
to assign the products of evolution into categories it does not follow (55,56), viruses
continue to be a focus of research for a number of reasons, as outlined below.
Human adenoviruses (HAdV) are non-enveloped icosahedral viruses of the genus
Mastadenovirus in the family of Adenoviridae, with a DNA genome of about 36 to 38
kilobase pairs (kB) and a capsid of between 70 and 90 nanometres (nm) in diameter
(49). Members of this family are known to infect many other animals such as fish and
snakes, and within the genus Mastadenovirus itself the host diversity spans mammals
from bats to primates and dolphins (reviewed in 57). Species belonging to the genus
are distinguished based on genome organisation and phylogenetic distance (Human
Mastadenovirus A to G), and these are further divided into types (e.g., the HAdV type
C5 discussed in this work belongs to species C). Nearly 60 HAdV types have been
isolated, and more than 100 genotypes have been identified from sequencing data.
The name comes from the adenoid (gland) tissues from which the virus was originally
isolated (58,59).

Originally, HAdV was divided into serotypes, differentiated by the absence of antibody
cross-neutralisation. Currently, given the challenges of serotyping, the term “type” is
used to denote isolates of significantly divergent sequences and phenotypes, though
the exact criteria are still a subject of discussion (58,60,61). Tropism for cell types
varies between adenovirus types and species (summarised in 62), which results in
different disease phenotypes (see below) and is mediated partly by the diversity of

attachment receptors of different types.

1.5.1. HAdV as a pathogen
In the process of viral replication, the machinery of the host cell is modified and

disrupted, which often causes disturbance to its function, leading to pathology, i.e.,
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disease symptoms, in the organism (49). Diseases of viral aetiology are a significant
cause of morbidity and mortality globally (63-65), more so due to the recent COVID-
19 pandemic caused by Severe Acute Respiratory Syndrome Coronavirus type 2
(SARS-CoV-2, 66). While this is the latest example of a virus-caused pandemic, it has
been preceded by multiple others, such as Human Immunodeficiency Virus/Acquired
Immunodeficiency Syndrome (HIV/AIDS), which came to public attention in the 1980s
(reviewed in 67), or numerous influenza pandemics, notably that of 1918 (reviewed in
68). Of these, the former is estimated to have resulted in 36 million deaths (69), while
the latter in about 50 million deaths (68).

Viral pathogenicity is not restricted to pandemic viruses. Prior to the emergence of
SARS-CoV-2, the most lethal, and the one causing the loss of the most disability-
adjusted life years (DALY), pathogen in the European Union had been estimated to be
seasonal influenza (70). The developing world is disproportionally burdened by deaths
caused by gastroenteric and respiratory virus infections, particularly among children
under five (71). Non-lethal disease is also a significant issue, for instance the
comparatively mild ilinesses caused by common cold viruses were estimated to have
caused economic losses of 40 billion dollars in the United States in 2000 due to
healthcare costs and lost productivity (72). Additionally, the symptoms of disease
caused even by viruses considered mild, such as enteroviruses, parechoviruses, or
adenoviruses, may still be severe and life-threatening for the elderly, children or the
immunocompromised (reviewed in 73,74), and the range of antivirals available is also
limited.

A special concern for public health is the emergence of viruses, from a non-human
host species into humans (Ebola virus, SARS-CoV-1 and 2), or the gain in importance
due to environmental or societal changes (enterovirus D-68, Zika virus) (49). The
COVID-19 pandemic exemplifies the threat posed by viral spillover from wild animals,
in this case likely bats (75).

While those viral diseases that affect primarily humans tend to be the focus of attention,
viruses infect all known taxonomical domains and kingdoms of life (49). Of particular
economic and environmental concern are diseases of animals and plants: for example,
the cost of the 2001 outbreak of the foot-and-mouth disease virus (FMDV) among cattle
in Britain has been estimated to 3 billion euros (76). Recurring epidemics also threaten
crop yields, for instance of sharka disease caused by the plum pox virus (reviewed in
77) or the papaya ringspot virus (reviewed in 78).
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HAdV is of research interest due to its clinical importance. It can cause a range of
symptoms and disease severities: for instance, types F40 and F41 are linked to
gastrointestinal disease, types E4, C5, and B7 to respiratory infections, types D36 and
D37 to epidemic keratoconjunctivitis (EKC), and others to urinary infections
(summarised in 62). Although the symptoms are typically self-resolving and non-
threatening, an infection can still pose a danger to those immunocompromised or
immunosuppressed (reviewed in 79). Of practical concern are outbreaks in highly
crowded conditions, such as the military, where deaths due to pneumonia-like disease
occur sporadically in otherwise healthy people (80). As a result, a vaccine against
HAdV types 4 and B-7 was developed for the exclusive use of the US military (81).

1.5.2. HAdV as a tool

In addition to having wide-ranging effects on health, viral infection of host cells can
provide important insights into the mechanics of functioning cells, and it can disrupt
them or be used to deliver vaccines or therapies.

Viruses have become a major tool of biotechnology through their application in gene
delivery, whether in oncotherapy, vaccines or gene therapy. The principle of gene
therapy: introduction of new, functional genes to an organism that is lacking them, can
be realised by viruses, as their replication cycle involves introducing foreign genes to
host cells (reviewed in 82). Removing pathogenic and replicative genes and
substituting them with the desired sequences enables the production of a particle that
can enter cells and deliver the contents to be employed for protein production.
Hundreds of clinical trials have utilised adenoviruses for vaccine, gene- or oncotherapy
(83). Their advantages include a relatively large loading capacity of nucleic acids
compared to smaller viruses such as adeno-associated virus (AAV), no evidence of
integration into the genome, with the nucleic acid instead transcribed independently,
large-scale production technologies, and a wide range of tropisms that could be
targeted to specific tissues or organs (reviewed in 82,84).

However, though the clinical trials have been many, successes have been relatively
few. The COVID-19 vaccines have recently brought viral vectors to prominence
(85,86), with type HAdV-D26 in Johnson & Johnson (87), and types C5 and D26 in
Sputnik V (88). Apart from these, a component of an Ebola vaccine regimen (89); a
single bladder cancer therapy approved by the Food and Drug Administration in
December 2022 (90); as well as two head and neck cancer therapies only approved in

China (91,92); are the sole approved HAdV-based products. Key issues encountered
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with HAdV gene delivery vectors, similarly to other viruses, include targeting, with the
tendency to accumulate in the liver rather than target tissues (93), as well as
prevalence of immunity to the vectors (reviewed in 94). Given that over 60% of
surveyed adults have antibodies to HAdV-C5 (95), the vectors can be neutralised
before reaching their targets, and theirimmunogenicity decreases the effectiveness of
multiple usages, too (96). Immunogenicity was also the reason for the 1999 death of a
patient in an adenoviral gene therapy clinical trial (97), which led to a decrease in
interest and support for the use of this vector for some time (reviewed in 98). Similarly,
recent reports of deaths due to cerebral thrombosis following the administration of
adenovirus COVID-19 vaccines have raised concerns about safety (99).

Clinical trial dosing had been optimised, preventing death-inducing levels of
pathogenicity (100), and the mechanism of blood clot formation has been proposed,
enabling diagnosis and treatment (101,102). Use of less prevalent HAdV types, such
as type D26, or B35 (103), chimeras with components from multiple types (104), or
non-human AdVs (e.g., chimpanzee AdV in the COVID-19 vaccine, 105), have been
ways to avoid patient immunity, while increased understanding of entry processes has
improved targeting (106). The widespread and largely successful use of AdV-vectored
vaccines has likely opened the door for their further applications. Further studies of
HAdV can enhance the therapeutic applications, for instance through understanding of

processes involved in the initiation of infection.

1.5.3. HAdV attachment and entry

In order to hijack the machinery of the host cells, the viral genetic material, possibly
with other functional components, has to be delivered into the cytoplasm or the
nucleus. There, the genome will be replicated, new virion proteins produced, to be
followed by assembly and exit from the cell. Infection begins with engaging the outside
of the host cell from the extracellular matrix or from the outside of the organism
altogether. This attachment step is required for all those to follow (except in plant and
fungal viruses, 49), involving a specific interaction between a virus capsid
(glyco)protein and a receptor molecule present on the cell surface. Proteins are a
common type of receptor molecule, being perhaps the predominant focus of research
attention, but glycans and lipids, or compound molecules such as glycoproteins and
glycolipids, also participate in virus binding (reviewed in 107).

After attachment to cell surface, entry into the cell is required for a productive

replication cycle. This may occur through a cellular process for the transport of
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macromolecules: for instance, the virus being packaged into a lipid vesicle and
undergoing endocytosis via clathrin-dependent or independent mechanisms. In
enveloped viruses, the outer lipid-based envelope layer can fuse with the cell
membrane, enabling the nucleocapsid to be released into the cell (reviewed in 108).
These initial interactions with cellular receptors are mediated by viral glycoproteins
protruding from the envelope in the case of enveloped viruses, or by capsid proteins
in the case of non-enveloped viruses. In the latter case, these proteins may either form
an integral part of the basic capsid shape (e.g., in polyomaviruses or picornaviruses,
where the proteins forming the icosahedral capsid bind the receptors, 109,110) or
protrude away from the centre of the capsid (e.g., fibre proteins of the adenovirus).
Attachment and entry do not necessarily utilise a single viral protein or single receptor:
more than one viral or host protein may be required to complete these multi-step
processes. For instance, a receptor and a co-receptor (or an attachment and an entry
receptor) may be needed, as in the case of HIV or adenovirus, and these may be
engaged by different viral proteins. Moreover, it may be possible for a single virus
species or genus to enter cells via multiple receptor molecules: adenoviruses have a
range of attachment receptors between their different types, one of the reasons for
their broad tropism. Since the cell surface molecules serving as receptors have
physiological functions and are conserved, many molecules are receptors for multiple
viruses (reviewed in 107). Interplay between receptors and attachment proteins can
be complex and dependent on the context, as exemplified by ACE2 (angiotensin-
converting enzyme) and TMPRSS2 (transmembrane serine protease subtype 2) in
SARS-CoV-2 (111).

Given that attachment and entry are steps required for productive viral infection, they
are also potential key targets for control measures. Interfering with them is a
mechanism of some antiviral drugs, such as the anti-HIV Enfuvirtide, which binds to a
virus surface glycoprotein and prevents it from conformational change required for
membrane fusion (112). Another anti-HIV compound, Maraviroc, binds to the cellular
entry receptor, CCR5 (C-C chemokine receptor type 5), which prevents virus binding
to the receptor, and blocks entry (113).

Understanding of attachment and entry mechanisms can also be used to improve the
efficiency and targeting of viral gene delivery vectors. Designing vectors that use as
receptors molecules prevalent on particular cell populations (e.g., cancer cells such as
neuroblastomas overexpressing polysialic acids (114,115), cell types that are missing
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or underexpressing the gene of interest in gene therapy (116) orimmune cells for better
vaccine efficacy (117) are all potential applications.

In the HAdV replication cycle (see Figure 2), initial attachment is mediated by the
binding of the fibre knob protein protruding from the capsid (see below) to an
attachment receptor. So far, a number of these, both protein and glycan, have been
identified (reviewed in 118). Among these, some have also been structurally
characterised in complex with fibres from different HAdV types (reviewed in 119):
polysialic acid (114) and GD1a (120), among the sugars, and proteins coxsackie and
adenovirus receptor (CAR, 121), cluster of differentiation protein 46 (CD46, 122), and
desmoglein-2 (DSG-2, 123). This initial attachment step is followed by entry via a
clathrin-mediated endocytosis pathway, enabled by the binding of the penton base
capsid protein to proteins from the integrin family (see 1.5.3). Receptor-mediated
signalling initiates the endocytosis process required for viral entry into the host cell
(124).

Once HAdV enters the early endosome, a disruption to normal organelle function
occurs, which causes the virus to be transported to the nuclear pore region via the
microtubule network. The process of uncoating, initiated on binding the attachment
receptor, ends when the genome is transported into the nucleus for transcription
(reviewed in 125). Transcribed RNA is exported into the cytoplasm for translation in
stages, after which the produced proteins enter the nucleus where they participate in
transcription of further genes and regulate it, a cycle that repeats two more times (49).
Structural proteins of the virus are finally imported into the nucleus to form immature

capsids and are released from the host cell, generally as part of cell death processes.
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Figure 2. A schematic representation of the HAdV replication cycle. Engagement with one
of the possible attachment receptors leads to the binding of the integrin entry receptor and
endocytosis of the virion. Figure created with BioRender.com, redrawn and adapted from (126)
and (127).

21



1.5.4. Structural studies of viruses with integrins

Integrins are a family of transmembrane proteins implicated in a wide range of
processes, such as inside-out and outside-in signalling in transport, growth, immunity
and cancer. They also serve as receptors for numerous viruses, such as FMDV,
herpesviruses, and HAdV (reviewed in 128). Multiple integrins have been structurally
characterised in closed and open conformations (129-131). They are composed of an
a and a 3 subunit, in 24 different combinations of the known 10 a and 8 B subunits
(reviewed in 132; see Figure 3). They are all characterised by large conformational
shifts and flexibility, with a closed conformation associated with inactive signalling and
a transition to extended-closed and extended-open states related to active signalling.
On the outside of the cell, binding of ligands and metal ions, such as Mg?*, Ca?*, Mn?*,
to the globular head can cause changes of the elongated “legs” (133). The intracellular
domains can also be separated by ligand binding. A number of integrin receptors have
been identified for HAdVs: avBsand avs(134), avB1 (135), amB2 (136). Arginine-glycine-
aspartic-(RGD)-binding integrins are thought to interact with all HAdV types (137)
based on the presence of the RGD motif in most HAdV penton bases as part of a
flexible loop, except for types F40 and F41, which interact with as-containing integrins
(138).

To date, there have been relatively few structural studies of viral interactions with their
integrin receptors. Apart from the three adenovirus-integrin studies (see section 1.5.4),
studies of FMDV (140), human parechovirus 1 (141), and coxsackievirus A9 (142) full
capsids in complex with integrins have been published. All three concern the
interactions of an entire virus capsid, and used cryoelectron microscopy (cryoEM). Of
these, the latter two have been conducted before the “resolution revolution”, yielding
reconstructions at a resolution of 8-10 A, which confirmed that the integrins (avB3 or
avPBs) bind to the capsid in the vicinity of an RGD motif. They also showed a range of
conformations of the bound integrin, but given the resolution and issues with averaging

and multiple occupancies, were unable to elucidate the details of molecular contacts.
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Figure 3. The integrin a,f3 a. A diagram of the conformational changes in integrin a.ps. Cell
membrane in grey. Redrawn from (131) and previously published in (119), reproduced on a
Creative Commons-BY license (https://creativecommons.org/licenses/by/4.0/). b. X-ray
structures of two conformations of integrin a,Bs: bent (129) and extended open (130)
stabilised by an antibody (not shown for clarity). Figures generated with PyMol (139). Domain
colouring as in panel a. Not all domains were resolved due to flexibility.

The FMDV study resolves the FMDV-integrin avBe binding by using localised
reconstruction to refine the binding sites separately from the icosahedrally
symmetrical capsid, comparing between capsids of two virus serotypes. These are
resolved at a resolution between 3 and 4 A, with the integrins resolved at between
8.5 and 12 A. The number of integrins bound to the maximum 60 binding sites per
capsid ranged between 5 to 55 integrins, with differences in distribution between the
serotypes. The protein fragment mediating the binding was identified as the GH loop
of the VP1 capsid protein, containing the RGD motif and further hydrophobic
interactions, though binding via an N-linked sugar on the integrin has also been

proposed. The integrin was primarily in an open conformation, demonstrating

23



typical flexibility between the different subclasses. Molecular details of the integrin’s

interaction could not be described in detail due to insufficient resolution.

1.5.5. HAdV capsid structure

Virus capsids are constructed of repetitive protein motifs, reducing the size of nucleic
acid needed to encode a capsid large enough to contain the genetic information. As a
result, many capsids exhibit highly symmetrical features, most commonly helical or
icosahedral. An icosahedron (see Figure 4a) is a platonic solid composed of 20
triangular faces, which can be generated by applying 5-3-2 rotational symmetry to an
icosahedral asymmetric unit, repeated sixty times (generally three times per face) in
the solid. Viral architecture is also based on this property, relying on the principles of
quasiequivalence, which allow an identical protein to form a range of similar, but not
identical contacts, enabling participation in both pentameric assemblies at the vertices
and hexameric subunits on the faces (143).

While the simplest icosahedral capsids consist of 60 copies of the same protein, others
have many more proteins per asymmetric unit. The triangulation number T refers to
both the number of capsomeres per triangular facet (not necessarily identical to an
icosahedron face) and protein subunits within a viral asymmetric unit, which can be
multiplied by 60 to yield the total number of major capsid proteins in the virus (143).
The capsid of HAdV is icosahedral (pseudo T=25), composed of three repeating major
capsid proteins and a number of minor capsid proteins known as cement proteins. The
T number is referred to as pseudo 25, because the hexameric capsomers are not
composed of six, but rather three, identical hexon proteins, which means that the
number of proteins in the asymmetric unit is 13, and not the expected 25 (144).

The hexon is the most abundant protein in the HAdV capsid, 720 copies in total. At
each of the 12 capsid vertices is a protein complex known as the penton (see Figure
4b). The penton consists of a pentameric penton base interacting with the hexon and
trimeric fibre in the centre of the five penton base copies, with a knob protruding away
from the centre of the capsid (see Figure 4c). The minor capsid proteins, among other
functions, stabilise the interactions between the major capsid proteins, mostly from the

inside, though protein IX forms a network on the outside (145,146).
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Figure 4. HAdV icosahedral capsid structure and the vertex penton. a. An icosahedron,
with a fivefold symmetry axis at the vertex marked with a red star, a threefold symmetry axis
in the centre of the face with a blue triangle, and a twofold symmetry axis at the edge with a
pink ellipse. b. HAdV-C5 capsid (146), with the penton reconstructed from (147-149). Fibre
shaft length based on HAdV-D26, structure from HAdV-C2. Hexons in grey (shades of grey
on one of the icosahedral faces), penton bases in red, fibres in blue, and minor capsid proteins
in purple. c. Human adenovirus penton, reconstruction composed of atomic structures HAdV-
C5 penton base and HAdV-C2 fibre, fitted into HAdV-D26 penton reconstruction (147,149,150)
Panels (b,c) generated with PyMol (139).

1.5.6. HAdV penton

The HAdV penton base is an elongated protein between 50 and 60 kiloDaltons (kDa)
in size. It consists of a jellyroll and an insertion domain, the latter protruding away from
the capsid centre (151). The insertion domain contains two loops: the highly variable
(HVR) loop and the RGD loop, named for the arginine-glycine-aspartic acid motif it
contains. Both of these loops differ strongly in sequence between different HAdV types,
unlike the rest of the penton base, which typically exhibits 90% conservation (152).
The RGD loop ranges from 30 to 100 amino acids in length in different types, exhibiting
different degrees of flexibility. The RGD motif is an integrin-binding sequence,
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mediating interaction with the entry receptor (153), with the exception of types HAdV-
F40 and F41 (138,154). It is unclear what impact loop length has on tropism and
receptor interactions in different HAdV types and comparing binding of pentons with
different loop lengths to integrin receptors was one of the goals of this project.

In the virus capsid, the penton base is a pentamer located on the vertices. An
attachment receptor-engaging trimeric fibre protein is bound in the middle of the
pentamer, forming the penton (155,156,157, see Figure 4b). Diversity in these proteins
is one of the mediators of differences between tropism of HAdV types. The five repeats
of the penton base have significance for the entry receptor binding, as there are five
RGD loops per vertex, providing up to five binding sites for the integrin (151). How
many integrins actually bind is a research question this project has attempted to
address.

A property of the penton base is the formation of dodecahedra during the HAdV
replication cycle. Dodecahedra are twelve-faced platonic solids (Figure 5a), which in
this case are composed of twelve penton base pentamers (60 copies of the penton
base in total; Figure 5b), often also containing 12 fibre trimers (158). Moreover, when
producing only the penton base in a bacterial or insect cell expression system, fibre-
less dodecahedra can be formed, too (159). This often produces a mixture of pentons,
dodecahedra, and smaller penton multimers (160). Obtaining a homogenous
preparation for structure determination experiments has been one of the challenges of
this project.

a b

Figure 5. The HAdV Penton base dodecahedron. a. A dodecahedron. b. Structure of the
HAdV-C2 penton base-only dodecahedron (151). Panel b generated with PyMol (139).
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A number of structural mechanisms are thought to be involved in the formation of
dodecahedra, and their contribution seems to vary between HAdV types. Firstly, some
types do not form dodecahedra spontaneously (e.g., HAdV-C2, 151), while others may
form them depending on production conditions, e.g., HAdV-B3; (160,161).
Dodecahedra formation can also be induced by a change in conditions, for instance,
HAdV-C2 penton base forms dodecahedra in its crystallisation solution (151). The
crystal structure of the HAdV-B3 dodecahedron and subsequent mutational studies
has led to the conclusion that dodecahedra formation is driven by a strand-swapping
mechanism of the N-termini of neighbouring pentons, together with additional bonds
formed by residues aspartic acid 100 and arginine 425. Change in amino acids 59 to
61 resulted in complete abolition of dodecahedra production, while other changes,
including removing the first 47 amino acids, decreased it significantly, suggesting the
N-terminus to be crucial (160). However, spontaneous proteolysis at the N-terminus
until amino acid 37 has been proposed as the trigger for dodecahedra formation in
penton bases of the same type by some of the same authors (161). While it is possible
that the additional ten amino acids mediate between driving and inhibiting
dodecahedra formation, this discrepancy within a single HAdV type highlights the
problem of establishing and controlling the mechanism, a challenge that is magnified
by the diversity between types.

From a physiological perspective, dodecahedra produced during viral replication are
thought to deliver additional receptor-engaging proteins to neighbours of the infected
cell. This may result in weakening poorly accessible tight junctions where some
attachment receptors occur and remodelling the cell (162,163). In a biotechnological
context, dodecahedra have been proposed as delivery vectors for small molecules
(159,164).
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1.6. Objectives and Expected Outcome — Part 2

The goal of the research project was to structurally characterise the HAdV type C5, D9
and B35 penton base interactions with the integrin avps: the types were selected for
their clinical (C5 is a common respiratory pathogen, 58) or technological relevance
(application of both C5 and B35 as a gene delivery vector), and the diversity of RGD
loop lengths: 99 amino acids in C5, 54 in D9, and 77 in B35 .

Given the high flexibility of the integrin leg domains and the predicted multiple
stoichiometries of the complex (the pentameric penton base has five RGD loops, each
potentially binding an integrin), cryoEM was chosen as the experimental method. X-
ray crystallography requires a highly concentrated, homogeneous sample to obtain
high-quality crystals. The variety of conformations that the integrin assumes, combined
with the high chance of multiple stoichiometries of the complex, would limit the chances
of producing well-diffracting crystals. CryoEM is a method better adapted to visualising
multiple conformational states in the same sample and specimens of high molecular
weight and has the additional advantage of requiring less material at a lower sample
concentration.

Previous research included a negative-stain electron microscopy (EM) structure of the
penton base in complex with the integrin. However, the applied method yielded lower-
resolution (about 20 A) structures, unable to resolve atomic details above general
protein shapes (165). Moreover, a monomeric penton base protein was used, which
made it impossible to establish the stoichiometry of the binding and allowed for a
greater number of conformations. Therefore, the first goal of the project was to express
and purify the penton base proteins in insect cells as pentamers, an approach that has
failed in E. coli, but would allow to mimic the environment in the capsid more closely.
The expression and purification of the integrin binding partner was to be re-established
and optimised based on protocols from previous work in the lab.

Once puirification of both components had been successful, complex formation under
different conditions would be examined using size exclusion chromatography (SEC) to
identify the stoichiometry of binding. This question has been previously investigated in
cryoEM structures of the whole capsid in complex with integrins, but given the low
resolution and application of five-fold symmetry, the data on this were averaged out
(166,167). This produced a structure where one integrin was bound to one RGD motif,
five integrins per pentameric penton. Such a model is probably sterically impossible
due to the size and flexibility of the leg domains. Similar questions relate to four
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integrins per penton, which previous surface plasmon resonance (SPR) studies of
virus-integrin complexes suggested this was the answer (167). This leaves values
between 1 and 3 as possibilities, likely with all possibilities present, but questions
remain about preferences, especially considering that integrin signalling can be
clustering-mediated.

Finally, the optimised complexes would be used in cryoEM studies and the resulting
structures give insights into the mechanisms of binding between the penton base and
its receptor on an atomic level, particularly into the influence of the differences in RGD

loop length between HAdV serotypes.
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1.7. Structural Biology Methods

Structural biology is a branch of science that focuses on the shapes of biological
molecules and their relationship with function. This provides information on the
mechanics underlying biochemical reactions: for instance, clarifying reaction
mechanisms and structure-function relationships. Such an understanding can enable
design of therapeutic compounds to interact with a particular process, explain the
significance of mutations, or the course of evolution. As examples, the HIV drug
saquinavir was designed based on the structure of the viral protease, as was the
influenza neuraminidase inhibitor Zanamivir and Oseltamivir (168,169).

The major experimental techniques of structural biology are X-ray crystallography,
cryogenic electron microscopy and nuclear magnetic resonance (NMR), which can be
employed to establish atomic-resolution structures of biomolecules, particularly
proteins and their binding partners (reviewed in 170). Together with a range of
accessory techniques, such as small-angle X-ray scattering (SAXS), hydrogen-
deuterium exchanging with mass spectrometry (MS), or electron paramagnetic
resonance spectroscopy, they can be used to characterise molecules and complexes
of a wide range of sizes, also in a dynamic context. Moreover, more accurate protein
structure-prediction software was recently made available in the form of the neural
network-based AlphaFold2 (171).

Every structural biology technique has its own characteristics when it comes to
achieving optimal results and applications, enabling a complementary approach (170).
The viral part of the thesis used cryoEM, while the bacterial part employed X-ray
crystallography, choices explained in the description of the research questions. Figure

9 shows the generalised workflows of both techniques.

1.7.1. X-Ray Crystallography

X-ray crystallography is a well-established, over a century-old, technique for
macromolecular structure solution (172) that uses diffraction patterns recorded when
shooting X-rays at a crystal of the molecule of interest. The indices of the diffraction
spots, together with externally provided phase information, are used to calculate the
reverse Fourier transform of the sum of diffracted waves to generate an electron

density map, which is then iteratively refined (170).

1.7.1.1. Protein crystallisation
Crystals are solids formed of highly regular arrangements of molecules in very similar

orientations. The molecules are arranged in a periodic lattice, which can be defined as
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a single unit cell undergoing translational symmetry operations. The unit cell is a
parallelepiped, and the relationships between its edges and angles define the seven
lattice systems. If the type of centring, where additional lattice points are located on
the faces, not just vertices of the unit cell, is also considered, there are 14 Bravais
lattices. Combining the 14 Bravais lattices with crystallographically and chemically
(e.g., the chirality of proteins excludes mirror symmetry in most biologically relevant
samples) allowed symmetry operations other than translation produces space groups,
which define the symmetry of the unit cell in relation to its constituent asymmetric units.
The unit cell may be divided into sets of planes, where a plane (hkl) intersects the x-

axis of the unit cell at -, the y-axis at 7, and z-axis at 7. The values of h, k, and I, scaled

to be given as the smallest possible integers, are known as Miller indices, and
represent a set of equivalent planes, which are parallel to each other and defined by
integer multiples of the intercept values (173).

Among the advantages of using crystals for X-ray diffraction experiments are the
amplification of signal by the repeating arrangement of atoms and maintaining the
protein in a hydrated, non-denatured state. Protein crystals differ from crystals of
inorganic compounds, which are typically formed by strong charge-based ionic
interactions, in their reliance on the weaker hydrogen bonding for cohesion. As a result,
protein crystals are smaller and more delicate, while the necessity of maintaining the
proteins in their native state introduces restrictions on the methods that could otherwise
be used for crystal growth. To obtain optimal quality (highly ordered repetition of unit
cells with minimal deviations from the symmetry), crystals should increase in size
slowly to maintain order, but the end products should be possibly large, to enable
handling and to amplify the signal.

Popular methods rely on controlled supersaturation, nucleation, and growth, to achieve
the phase transition from liquid to crystalline solid (reviewed in 174), for instance by
vapour diffusion of supersaturated protein solutions in closed systems. A drop of highly
concentrated protein solution (the optimal concentration varies between proteins) is
mixed in a 1:1 ratio with a precipitant solution and maintained in a closed environment
with a much larger reservoir of the precipitant solution. The precipitant concentration
in the protein-containing drop is equilibrated to the concentration in the reservoir by
water evaporation, gradually increasing the concentration of both protein and
precipitant. This leads to gradual supersaturation of the solution, enabling crystal
nucleation and growth (see Figure 6). If the supersaturation is too high, the protein
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precipitates without forming crystals. At more moderate levels, the supersaturated
solution forms crystal nuclei that may initiate crystal growth: however, too many nuclei
will prevent the growth of larger crystals. At even lower levels, in the so-called
metastable zone, crystal growth occurs, but without nuclei formation. The goal of the
vapour diffusion methods is to slowly reach supersaturation levels suitable for crystal
nucleation, but not precipitation, and, as the nucleation removes protein from the
solution, to then reach the lower supersaturated concentration enabling stable crystal
growth, but not further nucleation. If this proves difficult and only numerous crystals too
small for diffraction can be grown, the nucleation stage can be omitted by supplying
nuclei seeds externally to the protein-precipitant drop at the start of the experiment, for
instance by adding microcrystals from previous experiments to a lower initial protein

concentration.
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Figure 6. Schematic phase diagram of protein crystal formation. Red, concentration
changes in the course of a successful vapour diffusion crystallisation. Redrawn from (174).

In practice, crystal production can be very challenging: even when crystals can be
obtained, they may diffract poorly due to disorder in the packing of molecules, or well-
diffracting crystals may be twinned, i.e., contain two intergrown crystal lattices related
by symmetry operators (175). Both these issues have been encountered in the

bacterial project.
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1.7.1.2. From X-ray diffraction by protein crystals to structure solution

The diffraction experiment is performed at low temperatures, which enhances the
results by reducing the impact of radiation damage, the movement of the atoms within
the crystal, and the background from the solution in which the crystals are stored. Once
the crystals have been produced, they can be harvested and shot with X-ray beams to
record diffraction patterns necessary for structure determination. To prevent the
formation of ice crystals by the mother liquor in which the protein crystals were grown
and within the crystal solvent channels, they are harvested with a mounting loop into a
cryoprotectant solution containing glycerol or another substance reducing ice
nucleation and flash-frozen, typically in liquid nitrogen. This ensures the ice around the
crystal is vitreous, not crystalline, reducing its unnecessary signal, and that ice crystals
do not form, destroying protein crystals (reviewed in 176).

X-rays are a form of electromagnetic radiation at wavelengths between 0.1 and 100 A.
They may be generated when an accelerated external electron displaces an electron
from a lower-energy atomic orbital, causing other electrons to drop from a higher-
energy orbital and emit the extra energy as radiation. Such radiation can be generated
via X-ray tubes or other laboratory equipment; however, synchrotron radiation is
typically the most optimal for macromolecular crystallography experiments.
Synchrotron radiation is emitted when electrons are accelerated along curved paths,
such as in synchrotron storage rings. It produces a more coherent beam with a higher
flux and a single wavelength, which decreases the time needed to record data,
increases its quality, and enables the solution of structures with larger unit cells
(reviewed in 177).

Shooting an X-ray beam at a crystal diffracts the rays, the divergence of which can be
recorded as diffraction spots by a detector or on film. The diffraction is caused by the
electron clouds of the molecules in the crystal, with the signal amplified by the periodic
arrangement of the crystal. The relationship between the experimentally obtained
diffraction spots and the electron density, p, of the molecule in the crystal can be
described mathematically (summarised in 178). Electron density may be expressed as

a Fourier sum of complex three-dimensional wave functions:

p(x y Z) — l § § E Fhkle—2ni(hx+ky+lz)
) ) V
h k 1

Where x, y, z are the coordinates of a point, V is the volume of the unit cell, h, k, and |

the Miller indices of a set of equivalent planes in the crystal, and Fnx the structure factor
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function for the (hkl) planes. Fnw is the sum of the scattering contributions of the hk/
planes by all atoms in the unit cell and also a three-dimensional wave function, a

Fourier sum:
n
Fop = Zf}ezm(hx]-+kyj+lzj)
j=1

where j is an atom in the unit cell, f; is the scattering factor of j (dependent on the
element of the atom), and x;, y;, and z; are the coordinates of the atom in the unit cell
as well as the indices of the diffraction spots with respect to an arbitrary origin. The
structure factor can also be expressed as a vector on a complex plane, as it is the sum
of the vectors of scattering by single atoms. Substituting the vector expression into the

electron density function:

p(x y Z) — l § § E |Fhkl|e—2ni(hx+ky+lz—ahkl)
) ) V
h k I

where anki is the phase of Frx. The phases cannot be generated from the experimental
data but establishing of the other parameters necessary to describe a wave function:
frequency and amplitude is possible. Frequency is proportional to the intensity of the
reflections, while the amplitude is determined by h, k, I, which, from Bragg’s law, are
not only Miller plane indices in real space, but also the coordinates of the diffraction
spots in reciprocal space.

Bragg’s law (Figure 7) determines that only at certain angles can the waves interfere
constructively:

2dpp Sin @ = ni
where dh is the distance between planes with indices the integer multiples of h, k, and

[, n an integer number, and A the wavelength.
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Figure 7. A diagram illustrating Bragg's law. Rays may interfere productively only at certain
angles for a given wavelength A, otherwise they are out of phase. dn, distance between
equivalent planes, 8, angle at which the ray impinges and is reflected from the plane, R+, Ro:
rays. Redrawn and adapted from (179).

The Ewald sphere (see Figure 8) describes the relationship between the allowable
reflections according to Bragg’s law and the reciprocal lattice of the crystal (reviewed
in 180). The diffraction spots may be considered as occupying an infinite lattice system
reciprocal to the real space lattice in the crystal. Consequently, for reflections of rays
scattered under the Bragg condition, the distance between a diffraction spot and an

origin located along the original beam on a sphere with the radius% will be di and the
hkl

spot will be defined by a vector normal to the set of (hk/) planes in the crystal. This

system shifts as the crystal is rotated to produce more allowable reflections.

impinging ray

Figure 8. Ewald sphere construction. In a circle (or sphere in 3D) of radius % where A is the

wavelength, the reflection hkl is ﬁ distant from the origin of the reciprocal lattice and the

vector between O and hkl is perpendicular to the (hkl) set of planes in the crystal from which
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the ray was diffracted. C, crystal in the centre of the circle. O, origin of the reciprocal lattice
and the intercept of the undiffracted ray with the circle. 8, the Bragg angle at which the ray is
diffracted by the plane. Redrawn and adapted from (180).

Due to the absence of information on phases in the diffraction pattern data, it is
necessary to supply them externally to establish the electron density. This is known as
the phase problem (summarised in 181) and may be solved experimentally by
generating and comparing the reflections of heavy-atom derivatives of the proteins, or
by substituting the phases calculated from the known structure of a related protein to
obtain initial density. The latter approach is known as molecular replacement (MR) and
has been used to solve both crystallographic structures in this work. In both cases, the
Patterson function is applied to compare vectors representing distances between
atoms.

Once a molecular model can be built into the initial electron density, it can be used to
calculate new, more accurate phases. The iterative steps of model building and
refinement in reciprocal space should produce a final model. The accuracy of the
model may be assessed by a set of metrics quantifying the agreement between the
model and experimental data, most prominently the R and Rsee values, which compare
the experimental and calculated reflection intensities of the model.

The disadvantages of X-ray crystallography are the necessity to obtain large amounts
of highly pure protein for crystallisation trials, and the largely unpredictable process of
crystal growth (170). The latter was a major challenge throughout the bacterial part of
this project, despite the prior successful crystallisation of the proteins in their unbound
forms and of MurK in complex with an ATP analogue (48). Moreover, large, flexible or
non-homogeneous protein assemblies are not suitable for crystal formation, the reason
that made this technique unsuitable for the viral project in this thesis.

Nonetheless, once the barriers of purification and crystallisation have been overcome,
X-ray crystallography generally allows for high-resolution structures, providing a
solution to the phase problem is found (181). This has become easier with the
introduction of high-accuracy modelling with AlphaFold2, even in cases where there
are no homologous structures solved experimentally. Additionally, a range of software
helps automate the process of structure solution (e.g., CCP4, 182), while a set of
widely accepted metrics provides means of quality assessment of the resulting
structures (183). Finally, and crucially for the bacterial project in this thesis, X-ray

crystallography is well-suited to the solution of structures of small (<50-100 kDa)
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proteins, something that is more challenging with cryoEM, requiring the use of

extensive computational resources and highest-performance equipment.

1.7.2. Cryo-EM

Cryogenic electron microscopy is a technique for obtaining high-resolution structures,
generally of larger (>50 kDa) proteins and macromolecular complexes by imaging
frozen samples with transmission electron microscopy (reviewed in 170,184). A
focused beam of electrons is directed onto a specimen flash-frozen in liquid ethane,
focusing it with a magnetic lens and recording the signal, onto samples. Similarly as in
cryocrystallography, where crystals are flash-frozen for protection from radiation
damage (see section 1.7.1), flash freezing produces vitreous, or amorphous, non-
crystalline ice, maintaining the macromolecular structure pre-existing in solution also
in the vacuum environment. Additionally, the coherence of the electron beam is of
similar importance for the quality of results as that of the X-ray beam in crystallography.
The samples, located in ice-filled holes on microscopy grids, are then imaged by EM,
producing 2D micrographs of the molecule of interest in different orientations. Initial
processing of the micrographs is performed to account for noise and convolution with
the artefacts of the imaging process such as the point spread function (PSF) and the
contrast transfer function (CTF) or movement of the sample caused by the electron
beam (184).

Using powerful computational techniques, the resulting sets of 2D projections,
particles, are excised from the micrographs and classified according to orientation. The
members of resulting classes are averaged, which allows for visual inspection and
identification of “low-quality” classes giving poor averages, which do not contain similar
particles. A subset of particles from the 2D classes can be used to produce an initial
low-resolution 3D model, or this can be achieved by low-pass filtering a homologous
structure (184).

The high-quality particles are then used to calculate a higher-resolution 3D model by
establishing the relative orientations of their transforms in Fourier space and then back-
projecting the particles onto the initial model to obtain an improved, more detailed
model in real space. This model can be used as a starting volume for the same
process, in an iterative cycle until no more improvements in resolution are made. The
3D reconstruction can then be adjusted with a number of further techniques such as
particle polishing (185) and map sharpening (186) to optimise the resolution.
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Historically, the resolutions obtained by cryoEM were generally lower than those from
X-ray crystallography, reaching only about 10 Angstroms. This changed dramatically
in the previous decade, when the introduction of direct electron detectors greatly
enhanced the signal-to-noise ratio (reviewed in 187) and automation of data collection
increased the sizes of data sets, leading to a phenomenon dubbed the “Resolution
Revolution” (188). The 2017 Nobel Prize in Chemistry was awarded for development
of the method and the number and resolution of structures are both rising (189).
Advantages of cryoEM include the ease of sample preparation compared to X-ray
crystallography, as less material is needed and there is no need for crystallisation, the
possibility of resolving large complexes, particularly transient or flexible ones, and the
visualisation of samples in their natively solvated state (184).

However, though resolution barriers are constantly being broken, achieving up to 1.2
A (190), the average resolution for cryoEM structures is still below the average value
for X-ray structures (191,192), and structures for proteins smaller than 100 kDa are
rare and challenging to solve, while those under 50 kDa rely on augmenting their
molecular weight (Mw) with tags or scaffolds (191, reviewed in 193). Additionally, the
data processing stage can be challenging or introduce bias: for instance, an
inappropriate initial model may result in a reconstruction with features absent in the
dataset (194). This issue is compounded by the lack of widely accepted metrics to
evaluate the quality of the structures as used in crystallography (195). Given the
relative youth of the field, these are still being developed (196), and new programmes
and approaches are introduced regularly, supplying solutions to earlier problems, but
also increasing the challenge of keeping up with the state of the art for the nonexpert

users.
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Figure 9. X-ray crystallography and cryoEM workflows. Both techniques rely on iterative
cycles of refinement to arrive at the final model from experimental data. MR: molecular
replacement.
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2. Materials and methods

2.1. Materials

2.1.1. Chemicals

All chemicals were analytical grade and manufactured by Sigma-Aldrich (Taufkirchen,

Germany), Roth (Karlsruhe, Germany), Roche (Basel, Switzerland), ThermoFisher

Scientific (St. Louis, Missouri, USA), or Merck (Darmstadt, Germany). Crystal screens

were manufactured by Molecular Dimensions (Wizard I/1l, 1Il/IV, JCSG, Morpheus;
Sheffield, UK) or Hampton Research (Crystal I/1l; Aliso Viejo, USA). Manufacturers of

reagents key for the experiments are specified in the Methods section within the

description of the protocols.

2.1.2. Constructs

Table 1. DNA constructs used in this work.

(pb5mut)

aa 65-571, R452E

Protein encoded NCBI Protein ID Plasmid Tags Tag Source
(Abbreviation) (Amino acid Cleavage
changes) Site
MurK WP_046825531.1 | pET28a C- - Mayer
terminal- group, IMIT
6xHis-tag Tubingen
MurK 169T; WP_046825531.1 | pET28a C- - BioCat,
MurK P134A; 169T; P134A; terminal- Heidelberg,
MurK 69T P134A 69T P134A 6xHis-tag Germany
K1058 WP_041590480.1 | pET28a C- - Mayer
terminal- group, IMIT
6xHis-tag Tdbingen
K1058 T69I; WP_041590480.1 | pET28a C- - BioCat,
K1058 A133P; T69I; A133P; terminal- Heidelberg,
K1058 T691 A133P T691 A133P 6xHis-tag Germany
HAdV-C5 penton | AGT78086.1 pFastBac N- TEV Arnberg
base wild type terminal- protease group,
(pb5wt) 6xHis-tag Umea
University
HAdV-C5 penton | AAA42519.1 pFastBac N- TEV BioCat,
base dodecahedra | truncated beyond terminal protease Heidelberg,
non-forming mutant | the SELA motif 6xHis-tag Germany
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publication (165)

HAdV-D9 penton | CAI05964.1 pFastBac N- TEV BioCat,
base dodecahedra | truncated beyond terminal protease Heidelberg,
non-forming mutant | the SELA motif 6xHis-tag Germany
(pb9mut) aa 52-519, R400E
HAdV-B35 penton | AAN17481.2 pFastBac N- TEV BioCat,
base dodecahedra | truncated beyond terminal protease Heidelberg,
non-forming mutant | the SELA motif 6xHis-tag Germany
(pb35mut) aa 65-561, R442E
Extracellular domains | av (aa 1-987) and | pFastBacDual | C- HRV 3C | Cloned and
of human integrin | B3 (aa 1-718) terminal: protease used for
ovBs subunits encoded 6xHis-tag production
in separate loci on v, of
and dimerised Strep tag baculovirus
with a Fos-Jun on B33 stocks by K.
domain, see Cupelli
previous (197)

2.1.3. Bacterial strains

In-house propagated chemically competent E. colii MAX Efficiency DH10Bac

(ThermoFisher Scientific) were used for Bacmid production of baculovirus expression,

MAX Efficiency DH5a (ThermoFisher Scientific) for DNA isolation,

(Novagen, Darmstadt, Germany) for protein expression

2.1.4. Cell lines

BL21DE3

Sf9 (Spodoptera frugiperda) and High Five (Hi5; Trichoplusia ni) insect cell lines were

acquired from ThermoFischer Scientific.

2.1.5. Buffers

MurK/K1058 IMAC wash buffer
25 mM Tris-HCI, 500 mM NaCl, 25 mM imidazole, 10% (v/v) glycerol, pH 8.0

MurK/K1058 IMAC elution buffer
25 mM Tris-HCI, 500 mM NaCl, 500 mM imidazole, 10% (v/v) glycerol, pH 8.0

MurK SEC buffer

200 mM NaCl, 50 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6

K1058 SEC buffer

750 mM NaCl, 25 mM Tris-HCI, pH 8.5
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HAdV penton base WT lysis buffer (Zubieta protocol, 151)
25 mM Tris, 150 mM NaCl, pH 7.5

HAdV penton base WT lysis buffer 2 (Arnberg group protocol, modified, 138)
25 mM Tris, 500 mM NaCl, 10% glycerol, 0.2% Triton-X 100, 10 mM imidazole, 2 mM
B-mercaptoethanol, pH 8

HAdV penton base WT HEPES lysis buffer (M. Liaci’s protocol, 198)
150 mM NaCl, 100 mM HEPES, 5 mM dithiothreitol (DTT), 10 mM imidazole,
benzoase, MgClz, 1 protease inhibitor tablet, pH 8

HAdV penton base WT IMAC wash buffer (Zubieta protocol, 151)
25 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 7.5

HAdV penton base WT IMAC wash buffer 2 (Arnberg group protocol, modified, 138)
25 mM Tris, 500 mM NaCl, 20 mM imidazole, 2 mM B-mercaptoethanol, pH 8

HAdV penton base WT IMAC HEPES wash buffer (M. Liaci’s protocol, 198)
150 mM NaCl, 100 mM HEPES, 5 mM DTT, 20 mM imidazole, pH 8

HAdV penton base WT IMAC elution buffer (Zubieta protocol, 151)
25 mM Tris, 150 mM NaCl, 250 mM imidazole, pH 7.5

HAdV penton base WT IMAC elution buffer 2 (Arnberg group protocol, modified,
138)
25 mM Tris, 150 mM NaCl, 500 mM imidazole, pH 7.5

HAdV penton base WT IMAC HEPES elution buffer (M. Liaci’s protocol, 198)
150 mM NaCl, 100 mM HEPES, 5 mM DTT, 500 mM imidazole, pH 8

HAdV penton base WT IMAC HEPES SEC buffer (M. Liaci’'s protocol, 198)
150 mM NaCl, 100 mM HEPES, 5 mM DTT, pH 8

HAdV penton base mutant high salt lysis buffer
500 mM NaCl, 100 mM HEPES, 5 mM DTT, 10 mM Imidazole, benzoase, MgClz, 1
protease inhibitor tablet, pH 8

HAdV penton base mutant IMAC high salt wash buffer
500 mM NaCl, 100 mM HEPES, 20 mM imidazole, pH 8

HAdV penton base mutant IMAC high salt elution buffer
500 mM NaCl, 100 mM HEPES, 500 mM imidazole, pH 8
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HAdV penton base mutant SEC high salt buffer
500 mM NacCl, 100 mM HEPES, pH 8

Integrin avs IMAC wash buffer
300 mM NacCl, 25 mM Tris-HCI, 5 mM CaClz, 10 mM imidazole, pH 8

Integrin avf3s IMAC elution buffer
300 mM NacCl, 25 mM Tris-HCI, 5 mM CaClz, 500 mM Imidazole, pH 8

Integrin av3z SEC buffer
150 mM NaCl, 25 mM Tris-HCI, 1 mM CaClz, pH 8

SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis)
resolving gel

10/12/15% v/v acrylamide solution, 25% v/v 1.5 M Tris-HCI pH 8.8, 0.1% v/v SDS,
0.05% v/v N-tetramethylethylenediamine (TEMED), 0.1% v/v ammonium persulphate
(APS)

SDS-PAGE stacking gel
4% acrylamide, 25% v/iv 1.5 M Tris-HCI pH 6.8, 0.1% v/v SDS, 0.1% v/v N-
tetramethylethylenediamine (TEMED), and 0.1% v/v APS

Protein Sample SDS-PAGE buffer x4
22.6% vlv glycerol, 226 mM Tris pH 6.8, 1% SDS, 90 mM EDTA pH 8, 4.5% v/v -

mercaptoethanol, 22.6% w/v bromophenol blue

SDS-PAGE running buffer
Rothiphorese TBE Buffer, diluted x10 (Roth)

TAE agarose gel buffer
40 mM Tris, 20 mM acetic acid, 1 mM EDTA

Western blotting buffer
25 mM Tris, 156 mM glycerol, 20% v/v methanol

Tris-buffered saline (TBS) x10
200 mM Tris pH 7.5, 1.5 M NaCl

Cross-linking/complex vitrification buffer
210 mM NaCl, 37 mM HEPES, 0.8 mM CaClz
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Bacterial culture

S.0.C. medium: 2% w/v tryptone, 0.5% w/v yeast extract, 10 mM NaCl, 2.5 mM KCl,
10 mM MgClz2, 10 mM MgSOQOs4, 20 mM glucose

LB medium: 25 g/L LB Lennox or Miller

LB-Agar: 15 g/L agar, 25 g/L LB Lennox or Miller
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2.2. Methods

2.2.1. Bacterial protein expression

BL21(DE3) competent cells (50 pL) were transformed with 100 ng MurK or K1058-
encoding plasmid by heat shock (30 minutes on ice, 45 seconds at 42 °C, 2 minutes
on ice), then incubated with 900 yL LB-medium (25 g/L) at 37°C with shaking at 700
rom for 1 hour. The mixture was either streaked on a LB-agar/kanamycin plate, then a
120 mL LB medium with kanamycin (LB/kan; 50 pg/mL) starter culture was inoculated
from a single colony after overnight growth, or the starter culture would be grown
directly overnight from the transformed bacteria, shaking at 110 rpm. The starter
culture would then inoculate 2 or 4 L LB/kan, grown at 37°C, 100 rpm, until ODsoo of
0.8-1.1 was reached. Then, the temperature was reduced to 18°C, and IPTG added to
a final concentration of 0.5 mM to induce expression. The cultures were harvested after
18-22 hours by centrifugation at 9220 x g at 4°C for 10 minutes, the supernatant

discarded, and the bacterial pellets stored at -80°C or lysed directly for purification.

2.2.2. MurK/K1058 protein purification

All purification steps were performed at 4°C or on ice. Samples for SDS-PAGE
electrophoresis were taken throughout. The pellet was resuspended in MurK/K1058
IMAC wash buffer and lysed with a sonicator (Branson 250 Digital Sonifier Cell
Disruptor, Marshall Scientific, Hampton, US) by pulsing at 50% for 0.5 second with 2.5
second rests for 5 minutes pulse time total. The lysate was centrifuged at 34500 x g
for 45 minutes. The supernatant was loaded onto a 5 mL HisTrap-FF nickel column
(pre-equilibrated with water, 1 M imidazole, and MurK/K1058 IMAC wash buffer; GE
Healthcare, Chicago, USA, or Cytiva, Marlborough, USA) at a rate of 0.8 mL/min, then
loaded circularly for 1 hour at 1.5 mL/min. The column was then installed on an AKTA
Prime system (GE Healthcare), washed with the wash buffer, then 5 and 10% of the
MurkK/K1058 IMAC elution buffer until a base line of absorbance at 280 nm was
reached. The protein was eluted with 80% of the elution buffer and collected in 2 mL
fractions. The highest-concentrated fractions with the best purity were pooled based
on Absz2so peaks and SDS-PAGE analysis, then concentrated to a volume of 3-5 mL
using 10 kDa concentrators pre-washed with water and SEC buffer, at 1470 x g in 10-
minute steps. The concentrate was filtered with a 0.22 ym filter before loading onto a
HiLoad SEC Superdex 200 16/60 preparative grade column (Cytiva) installed on an
AKTA Basic system (GE Healthcare), prewashed with the appropriate degassed SEC

buffer. The protein was eluted with MurK or K1058 SEC buffer and collected into 1- or
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2-mL fractions, which were pooled based on purity. The pool was concentrated to 1-3

mL as described and stored at -80°C after flash-freezing.

2.2.3. Polyacrylamide gels and SDS-PAGE electrophoresis

10, 12 or 15% polyacrylamide gels were prepared inhouse in batches of 12. The
resolving gel solution was poured in between glass plates and covered with
isopropanol to polymerise. The stacking gel solution was poured on top of the solidified
separating gel and sealed with 10- or 15-well combs. Once polymerised, the gels were
stored between glass plates wrapped in moist tissues at 4°C. Gels were run with 15
ML of protein samples loaded into wells (boiled at 95 °C for 5 minutes, then centrifuged,
with x4 concentrated SDS-PAGE protein sample buffer), except for pellet samples,
which were resuspended in the concentrated sample buffer, and supernatant samples,
both of which were loaded at 5 yL/well to avoid overloading. Gels were run at the
voltage of 150 to 250 V, increasing the speed after the stacking gel had been cleared.
The gel was stained with a fast commercially bought Coomassie-based stain, then

washed in water 2 or 3 times and scanned.

2.2.4. Crystallisation of MurK and K1058 in complex with sugar substrates
Enzyme-substrate complexes were formed by adding MurNAc (final concentration 10
mM, dissolved in 1 M HEPES pH 7.5) or GIcNAc (final concentration 10 mM, dissolved
in appropriate SEC buffer) and ATP analogues 5-adenylyl methylenediphosphonate
(AMP-PCP) or adenylyl-imidodiphosphate (AMP-PNP; final concentration 2 mM,
dissolved in appropriate SEC buffer) to MurK or K1058 at a concentration of 6-12
mg/mL. Crystallisation plates were set up with the Freedom Evo (Tekan, Mannedorf,
Switzerland) or Gryphon (Art Robbins Instruments, Sunnyvale, USA) robots, and
monitored at least monthly for crystals.

Initial screens were set up in a 96-well sitting drop format with commercially available
screens (see section 2.1.1) or with a fine screen based on a previously identified
crystallisation condition of MurK (0.1 M ammonium sulfate, bis-tris propane/citric acid
0.1 M, pH 5.5, 16% polythelene glycol 3350, 48). The protein solution was mixed in a
1:1 ratio with the crystallisation solution. Each screen was set up both at 4 and 20°C,
with each protein in complex with one of the ATP analogues and with the MurNAc
sugar substrate (MurK) or with MurNAc or GIcNAc substrates (K1058). Crystals were
harvested by fishing and stored in cryoprotective solutions (fresh crystallisation
solutions with 15% glycerol for K1058/MurNAc, based on (199), and 20% glycerol for

MurK/MurNACc) in liquid nitrogen before transport to the synchrotron in a dry shipper.
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20% glycerol for MurK/MurNAc) in liquid nitrogen before transport to the synchrotron
in a dry shipper.

2.2.5. Seeding

Seeding was performed by harvesting microcrystals or crystals from conditions that
had vyielded non-diffracting crystals before and adding them to a
polytetrafluoroethylene seeding bead (Hampton Research) in the appropriate
crystallisation buffer, vortexing, and storing at -80°C for future use. The seeding beads
were added to the crystallisation drop at a volume of 2.5 nL per 50 nL condition of a

102 or 103 diluted seed stock.

2.2.6. Fine screens

Fine screens were designed by varying the parameters of a hit condition: pH by 0.2
units within 1 unit of the hit, precipitant percentage within 10 percentage points in 2-
point steps, and additive concentration, if any, was decreased or increased, two or
three times. Fine screens were either prepared with the Tekan robot and then pipetted
in the 500+500 nL well format or pipetted by hand for a hanging drop setup with 500

ML reservoir volume and 1+1 uL drop volume, optionally with 0.2 puL seeding solution.

2.2.7. X-ray crystallography data collection, processing, structure solution, and
model building

Data were collected remotely at the X06Da beamline at the Swiss Light Source (SLS;
Villigen, Switzerland). Data reduction was performed with the XDS/XSCALE package
(200) and the phase problem was solved by molecular replacement with the previously
solved structures: the apostructure of K1058 for the K1058/MurNAc structure,
K1058/MurNAc for MurK/MurNAc. The N- and C-terminal domains were used as
independent search models to account for the large conformational shift on sugar
binding. Molecular replacement was performed with MOLREP implemented in CCP4
(182), with model building in Coot (201) followed by reciprocal space refinement in
REFMACS (202). Ligands were only introduced after multiple cycles of refinement in
which positive density was visible in a simulated annealing (Fo-F¢) difference omit map
in the putative active site identified in the previously solved MurK/AMP-PCP structure.
The MurK/MurNACc crystal was almost perfectly merohedrally twinned, and its structure
solution involved simulated annealing with PHENIX.refine (203) with the model target

geometry of the apostructure of MurK instead of REFMACS runs.
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The structures were validated with the PDB server (204) and deposited in the PDB
under accession codes 8ow9 and 8ow7 for MurK/MurNAc and K1058/MurNAc,

respectively.

2.2.8. MurK/K1058 MurNAc phosphorylation coupled assay

The assay coupled formation of MurNAc-6P by MurK to reduction of NADH by lactate
dehydrogenase, supplied with substrate by pyruvate kinase reducing ADP generated
by the phosphorylation of MurNAc (see Figure 10). The change in absorbance at 340
nm (NADH absorbance range) could be measured with a spectrophotometer. 320 uL
batches of a master mix (final concentrations: 50 mM HEPES pH 7.5, 10 mM MgClz, 5
mM ATP, 1 mM phosphoenolpyruvate, 0.2 mM NADH, 100 U/mL pyruvate kinase, 70
U/mL lactate dehydrogenase from rabbit muscle) were stored frozen at -80°C after
reproducibility was confirmed by comparing reaction rates obtained when using non-
frozen aliquots. After thawing, the master mix was added to 40 yL MurNAc solution in
1M HEPES for a final concentration of 0.0125, 0.025, 0.05, 0.075, 0.1, 0.2, 0.4, 0.6,
0.8, 1, 2 or 3 mM of the sugar and equilibrated to room temperature for 2 minutes.
Finally, 40 pL of protein were added to a final amount of 178 ng (MurK) or 17.6 ug
(K1058), concentrations 0.44 ng/uL or 44 ng/uL, respectively (original concentration
8.5-8.9 mg/mL, MurK was diluted 1:2000, K1058 1:20, both with 1 M HEPES pH 7).
The decrease in Abss4o (data points measured every 10 seconds) were used to
determine the reaction rates from the steepest part of the slope over the course of 100-
200 seconds (according to 205,206). These were then converted from Abs/s to pmol
of NADH/min/mg of enzyme used. Absorbance was converted to umols by applying
the Beer-Lambert law, with the extinction coefficient for NADH 6.22 x 103 M-' cm™!, and
the length of the light path 1 cm. The obtained slopes were then plotted as single data
points on a reaction rate against MurNAc concentration plot. The data were analysed
with matplotlib in python and kinetic parameters established using Michaelis-Menten

kinetics and substrate inhibition-adjusted Michaelis-Menten kinetics.
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Figure 10. The coupled enzyme assay quantifying MurNAc phosphorylation by MurK
and K1058. ATP is oxidised to ADP in the MurK/K1058 reaction. It is reduced back to ATP by
pyruvate kinase. The pyruvate kinase-produced pyruvate is reduced by lactate dehydrogenase
to lactate, oxidising NADH to NAD" in the process. The change in absorbance at 340 nm
caused by the depletion of NADH is the measurable output.

2.2.9. Purifications of MurK/K1058 mutants

Constructs encoding MurK P134A, MurK 169T, MurK |69T P134A, K1058 T69I1, K1058
A133P, K1058 T69l A133P (see Table 1) were purified according to the protocols
described above for the corresponding wild type proteins. Stability was tested by flash-
freezing and thawing the proteins three times in rapid succession, then comparing
fresh and thrice-frozen samples by analytical SEC to confirm peak homogeneity.

Folding was confirmed by circular dichroism.

2.2.10. Circular dichroism

Spectra for the protein solutions were recorded at wavelengths ranging from 250 to
195 nm on a Jasco J-720 (Jasco, Tokyo, Japan) machine, with 100 milidegrees
sensitivity, in continuous scanning mode and 50 nm/min scanning speed, at 20 °C, in
a 1 mm path length quartz cell under nitrogen gas to prevent the formation of radicals.
Ten spectra were recorded per sample and averaged. The proteins were diluted 1:20
with water for a concentration of 0.1 — 0.3 mg/mL and the spectrum of the blank of

buffer diluted 1:20 with water was subtracted from the protein spectrum.
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2.2.11. Baculovirus stock generation

The penton base genes encoded in pFastBac (see Table 1) were transformed into
DH10Bac cells as described above (see section 2.2.1), then plated on LB-Agar plates
containing 50 pg/mL kanamycin, 10 pg/mL tetracycline, 7 ug/mL gentamycin, 100
pMg/mL BluoGal and 40 ug/mL IPTG and incubated at 37°C for 48 hours. White colonies
(indicating the gene-coding insert had been successfully introduced into the
baculovirus genome-coding bacmid) were picked and grown in 10-25 mL LB or,
preferentially, S.0.C. medium with the three antibiotics. The bacmids were purified
using the PureLink HiPure Plasmid DNA Miniprep Kit (Invitrogen, Waltham, USA)
according to the manufacturer’s instructions. They were either stored at 4°C for up to
a week or stored at -20°C for longer periods before transfection.

The presence of the insert was confirmed by polymerase chain reaction (PCR) with
pUC/M13 forward and reverse primers on 100 ng of the isolated bacmid, with the
master mix according to the composition recommended by the manufacturer's
instructions for the Taq polymerase (New England Biolabs, Ipswich, USA). The PCR
programme was as given in the Bac-to-Bac manual (207).

For transfections into insect cells, protocols provided by the manufacturer in the Bac-
to-Bac Baculovirus Expression System manual (207) were followed. Briefly, Sf9 cells
at initial density of 1.5-2 x 10° cells/mL were seeded in six-well plates at a final density
of 8 x 10° cells/mL and left to attach for 15 minutes at room temperature. The medium
was then exchanged to plating medium (Grace’s Insect Cell Medium without
antibiotics, ThermoFisher, with 1.5% foetal bovine serum, Invitrogen). Complexes of
bacmid DNA (1-2 pg/well) with Cellfectin | or Il (ThermoFisher; in one case, though out
of date by about 10 years, the transfection was still successful), diluted in plating
medium were incubated for 20 minutes and added dropwise to the wells. The plating
medium was exchanged to regular serum-free antibiotic-supplemented medium after
5 hours. A mock transfection with medium and Cellfectin without DNA was included,
and cells were monitored for signs of infection. The medium was harvested after 5 to
7 days and stored protected from light at 4°C as a P1 stock. The P1 stocks for the
integrin avBs had been generated previously (197) and were only amplified.

The stocks were amplified to P2 and P3 by infecting suspension cultures of Sf9 cells
at an estimated multiplicity of infection (MOI) of 0.1, assuming the titre of the P1 stock
to be 5 x 108. The supernatants were harvested after 5 to 7 days by centrifuging at
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1470 x g for 5 minutes, filtered with a 0.22 um filter, and stored protected from light at
4°C.

2.2.12. Insect cell culture

Sf9 and High Five cells were acquired from ThermoFisher Scientific after attempts at
transferring previously prepared stocks to serum-free suspension culture from
adherent serum-supplemented culture failed. The new stocks were grown in the
appropriate medium (Sf-900 Il SFM or Express Five SFM, for Sf9 and High Five,
respectively; both ThermoFisher Scientific) directly in suspension culture with shaking
(110 rpm), without the addition of serum, with penicillin and streptomycin, at 20 °C.
After an initial uninterrupted passage of 7 days, the cells were split every two to three
days by diluting an aliquot into fresh medium for an initial seeding density of 3-5x10°
cells/mL. The High Five cells were supplemented with heparin at a decreasing
concentration for the first few passages to prevent cell clumping.

Initial attempts at adherent culture involved seeding the cells in appropriate flasks,
maintained in a non-humidified incubator without COz2 at 20 °C, treatment with trypsin
and scraping off for seeding at confluence. Transfer to 6- or 24-well plates for
expression tests or transfections was also performed this way, with the cells attaching
after 30 minutes.

Cell stocks were prepared at early passages (P-5, P-7) by freezing cultures in 1 mL
aliquots in medium supplemented with 10% dimethylsulfoxide (DMSO) in an insulated
cryobox stored first at -20, then -80° C, and finally transferred to liquid nitrogen tanks
for long-term storage. The stocks were brought up as described for newly acquired

cells.

2.2.13. qPCR for baculovirus stock titration

The baculoQUANT kit for viral DNA extraction and qPCR (quantitative PCR; Oxford
Expression Technologies, Oxford, UK) was used to establish stock titres according to
manufacturer’s protocols. Briefly, the DNA was extracted using chemical lysis and heat
shock, then added to a master mix (Brilliant I gPCR Low ROX Master Mix) with
baculovirus-specific primers for the gene gp64, fluorescent dye (6FAM) and quencher
(lowaBlack FQ). The reaction was performed in duplicate or triplicate for each virus
stock. The amplification was performed according to manufacturer’s protocol, with a
single activation step of 10 minutes at 95 °C, followed by 40 cycles of 15-second

denaturation at 95 °C and 60-second annealing and extension at 60 °C. C: values for

51



the reactions were compared to the standard curve generated using the virus sample

supplied, on the basis of which the titres in viral particles/mL were established.

2.2.14. Baculovirus insect cell protein expression

Sf9 or High Five cells at a density of 2 x 108 cells/mL were infected with the P3 stock
at an MOI of 2.5 or 5. The optimal timepoint for harvesting was established during
expression tests by western blotting (see section 2.2.15) of samples taken at 24-hour
intervals and the cells were harvested after 96 hours by centrifugation at 1490 x g for
5 minutes. The pellets were stored frozen at -80°C or lysed immediately.

2.2.15. Expression tests and western blotting

50 pL samples were collected from Sf9 and High Five cells at 24-hour intervals
between 0 and 120 hours post infection of a standardised number of cells with penton
base-coding virus, at MOls ranging from 1 to 10, including a non-infected negative
control. The cells were pelleted by centrifugation and either lysed directly by diluting
with 4xSDS-PAGE sample buffer or by incubating the lysates or supernatants with Ni%*
beads from SpinTrap columns (GE Healthcare), which were washed with appropriate
buffers, then mixed with the 4xSDS-PAGE sample buffer and loaded onto the gel
instead of eluting. SDS-PAGE gels were run as described above (Section 2.2.3), then
soaked in WB buffer (15 minutes), transferred with semi-dry transfer onto a PVDF
(polyvinylidene difluoride) membrane pre-soaked in methanol (10 minutes), water (5
minutes), and WB buffer (10 minutes), sandwiched in water-moistened blotting paper.
The transfer ran for 1 hour at 20 V. The membrane was then blocked in 5% w/v milk
powder solution in TBS with 1% Tween20 (TBS-T) for an hour at room temperature
with rocking, incubated with rocking at room temperature for 1 hour or overnight at 4°C,
with a primary anti-His-tag mouse antibody diluted to 1:5000 or 1:10000 in a milk
powder solution. The membrane was washed in four 5-minute intervals with TBS-T,
with agitation, then incubated with 1:5000 secondary anti-mouse goat antibody for 1
hour and washed again. ELC Amersham Western Blotting Detection reagents (GE
Healthcare) were applied to the blot (1.5 mL) to visualise the result. Imaging was
performed with the ChemiDoc (BioRad, Hercules, USA) was used for visualising
western blots. by exposing the membrane for 5 minutes or an automatically determined

period on the chemiluminescence setting.
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2.2.16. Penton base WT and mutant purification protocols

All steps were performed at 4°C. The pelleted Sf9 cells were resuspended in the
appropriate lysis buffer (see section 2.1.5), lysed with a microfluidizer (2 bar, 600-800
psi) or a sonicator (Branson 250 Digital Sonifier Cell Disruptor, Marshall Scientific; 10%
pulses with 1 second pulse and 1 second rest for 2 minutes total pulse time), then
centrifuged for 45 minutes at 34500 x g. The supernatant was loaded onto a HisTrapFF
column, pre-washed with water and IMAC wash buffer, by loading continuously for 12
to 16 hours at a speed of 1 mL/min. The column was mounted onto an AKTA Prime
system, where it was washed to baseline with wash buffer, then with 5% elution buffer,
then eluted with a gradient or stepwise up to 100% concentration of the elution buffer.
Fractions were collected and analysed by SDS-PAGE. The ones with the highest and
purest protein content were pooled and concentrated (50 kDa concentrator with a
regenerated cellulose membrane, prewashed with water and SEC buffer, 10-minute
concentration steps at 1470 x g) while exchanging buffer. After concentrating had
proven to favour multimer formation (see section 3.2.3), this step was omitted, limiting
the pool volume to 10 mL.

The pooled protein was filtered with a 0.22 pm filter, loaded onto a HiLoad Superdex
200 (SD200) 16/60 or Superdex 200 26/60 preparative grade column (Pharmacia, later
Cytiva) installed on a Pharmacia or an AKTA Basic system, prewashed with the
appropriate degassed SEC buffer, and eluted. Fractions were collected, concentrated
as described above or not, analysed for multimer formation and homogeneity, flash-
frozen in liquid nitrogen and stored at -80°C. Stability and multimer formation was
examined by analytical SEC, and flash-freezing, regular freezing at -80°C, and slow

freezing in a cryobox were compared.

2.2.17. Integrin avfs purification

A 500 mL culture of Sf9 cells at a density of 2x10° cells/mL was infected and harvested
after 120 hours as described for the penton base constructs (section 2.2.14), except
the supernatant was collected after centrifugation rather than the pellet, since the
protein was secreted. The protocol had been published previously (165), though
modifications were introduced. After centrifugation, the supernatant was not
concentrated or filtered, as previously with 8 L culture volumes, but loaded directly onto
a pre-washed 1 mL HisTrapFF column, continuously at 0.8 mL/min overnight. The
IMAC was then performed as described for the penton bases (section 2.2.16), with
elution by continuous gradient of elution buffer from 5 to 100% concentration. Fractions
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were analysed by SDS-PAGE and those containing both integrin subunits were pooled,
then dialysed overnight into SEC buffer in a 100 kDa cut-off membrane. Cleavage of
the dimerization domain with human rhinovirus (HRV) 3C protease was performed
overnight, adding 10 ug HRV3C per 100 ug integrin). After the 3C cleavage, trypsin
digest (with 0.3 pg enzyme per 100 ug integrin) was performed for 30 minutes to
remove non-degraded a subunit, then quenched with x10 trypsin inhibitor. The
products were filtered with a 0.22 um filter and loaded onto an SD200 16/60 or 26/60
column prewashed with the appropriate degassed SEC buffer, then eluted. The peaks
identified by absorbance and SDS-PAGE were pooled and concentrated with a 100

kDa cut-off concentrator to 0.3-0.5 mg/mL, flash-frozen and stored at -80°C.

2.2.18. Analytical SEC

Analytical SEC was performed on the AKTA Ettan system (GE Healthcare) with the
SD200 (up to 600 kDa resolution range), Superose6 (up to 5000 kDa), or Superose6
Increase columns (also up to 5000 kDa; all columns GE Healthcare), depending on the
expected size of the protein and its multimeric assemblies. The higher molecular range
columns were generally used for the penton bases and their complexes with the
integrins. 50 pL of the sample (centrifuged or filtered to avoid aggregates) were loaded

onto the column prewashed with the appropriate degassed buffer and eluted.

2.2.19. Complex formation

The penton base was dialysed in dialysis membranes with either 3 or 50 kDa molecular
weight cut-off (depending on availability) into avBs SEC buffer or cross-linking buffer
for 1 hour at 4°C, with stirring. The two complex components were incubated with
rocking for 1 hour or overnight at a 1:1, 1:5, or 1:10 penton base:integrin molar ratio.
An aqueous solution of 1 M MnCl2 was added to a final concentration of 2 mM for

integrin activation.

2.2.20. Negative stain electron microscopy

1-2 pL of the sample (diluted with buffer at 1:3, 1:10, or 1:20 sample:buffer
concentration) were spotted onto a glow-discharged continuous carbon film-coated
grid and allowed to evaporate for 2 minutes. Next, three drops of water were added,
as were three drops of 1% uranium acetate, with the grid allowed to sit for 5 minutes
for evaporation each time, then blotted. The grids were imaged in a 120 kV Tecnai G2

Spirit BioTWIN transmission electron microscope with a TVIPS F416 camera (FEl,
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Hillsboro, USA) at a magnification x70000 or a JEM-1400plus (Jeol, Tokyo, Japan)

transmission electron microscope at a magnification of x75000.

2.2.21. CryoEM sample preparation

The protein complexes were incubated at 4 °C in the presence of 2 mM manganese
ions at 1:1, 1:5, or 1:10 penton:integrin molar ratios for 1.5 hour or overnight, with
rocking. For the largest dataset of HAdV-C5 penton base:integrin 1:5 complex, the
complex was erroneously diluted 1:1 with distilled water rather than integrin buffer.
Three pyL of a sample were spotted (Leica) or 0.1 uL were sprayed onto a glow-
discharged Quantifoil 1.2/1.3 holey carbon grid (Quantifoil Instruments, Jena,
Germany) at room temperature with 90% humidity, blotted with filter paper for 1.5
seconds, then plunged in liquid ethane using an automated vitrification setup: a Leica
vitrification robot (Wetzlar, Germany) or the VitroJet Cryosol (Weert, Netherlands). The

grids were stored in liquid nitrogen until data collection.

2.2.22. CryoEM data collection and processing

Data collection was performed at the University of Helsinki CryoEM Unit, Finland.
Movies were collected on a Talos Arctica microscope (ThermoFisher Scientific,
Waltham, USA) with a Falcon Il direct electron detector camera (ThermoFisher) at 200
kV, 30 or 40 frames per movie, electron dose 1.03 electrons per A2 per frame, defocus
between -1.2 and 3 ym, varied in 0.3 ym increments, pixel size 0.97 A, magnification
150000x. They were motion-corrected either with on-the-fly processing or MotionCor2
(208), implemented in Scipion 2 Diocletian (209), in which all further processing steps
were performed as well. CTF correction was performed with CTFfind4 (210), and
micrographs where the comparison between estimated and calculated CTF suggested
excessive drift were discarded. Particles were picked using Xmipp 3 (211) trained with
a sample of manually picked particles and curated micrographs, extracted using Xmipp
3 with a box size of 200 pixels. The particles were assigned to 2D classes using Relion
2 (212) and classes with clear averages were reclassified until stable. Particles from
stable classes were used for a 3D classification with 10 classes in Relion 2, using the
structure of penton base from HAdV type 5 (PDB ID: 3izo) low-pass filtered to 60 A as
the initial model. The 3D classification was repeated with particles constituting the
largest classes re-classified into 10 further classes until the largest class was stable.
The Relion autorefine protocol was then applied to the largest 3D class, with or without
imposition of C5 symmetry. Published atomic models of the appropriate proteins were

fitted into the densities in UCSF Chimera (213) and cross-correlation values for a
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model of similar resolution compared. Resolution was estimated with the gold standard
threshold of FSC 0.143 (214), as implemented in Relion 2. See Table 7 for other data

collection and processing parameters.

2.2.23. Cross-linking of the penton:integrin complex

The integrin was buffer-exchanged to remove Tris, which would inhibit the cross-linking
reaction. 100 uL of 0.3 mg/mL integrin were thawed from —80 °C and dialysed, in
dialysis cassettes with a molecular weight cutoff of either 3 or 10 kDa (depending on
availability), in 100 mL of the Cross-linking SEC buffer for an hour at 4 °C, with stirring.
The 1:5 penton base:integrin complex was then formed overnight as described above
(section 2.2.19 Complex formation).

The cross-linker DSS-H12/D12 (disuccinimidylsuberate, Creative Molecules Inc., San
Francisco, USA) was dissolved in dimethylformamide (DMF) for a stock of 50 mM DSS.
1 pL of the stock was added to the complex to a final concentration of 0.5 mM and
incubated for 1 hour at 800 rpm at room temperature. The reaction was then quenched
with 2 M ammonium bicarbonate for 15 minutes at 800 rpm. The sample was then
loaded onto a TSKgel G6000PWXL SEC column (Tosoh Bioscience, Tokyo, Japan;
separation range 40 kDa - 6 MDa) and peak fractions analysed by SDS-PAGE,
visualised by silver staining according to published protocol (215). Samples were
selected for vitrification or negative stain (see sections 2.2.20 Negative stain electron
microscopy or 2.2.21 cryoEM sample preparation).

Alternatively, the cross-linker BS3 (bissulfosuccinimidyl suberate; Molecular
Bioscience, Boulder, USA), dissolved in water, was added to the complex at
concentrations of 0.5, 1, 2.5 or 5 mM. The samples were incubated at 4 °C for an hour,
then quenched with 1 M Tris and run on the Superose6 analytical SEC column.
Samples were analysed by SDS-PAGE, silver stained with a SilverQuest kit

(Invitrogen) according to manufacturer’s protocols, and selected for negative stain.
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3. Results

3.1. Part 1 — T. forsythia sugar kinases MurK and K1058

3.1.1. MurK and K1058 purification

The course of purification was very similar for K1058 and MurK, without any major
differences. The final preparative SEC step showed a major peak (Figure 11a), which
corresponded to a 30 kDa band on the SDS-PAGE gel (Figure 11b), showing sufficient

purity and yield for crystallisation trials.
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Figure 11. An example purification of K1058, closely resembling purification of MurkK,
produced a highly pure protein. a. Absorbance at 280 nm measured during the preparative
SEC step of the purification of K1058. Fractions analysed in (b) marked in red. b. SDS-PAGE
gel with samples from SEC of K1058. Expected M,, of a K1058 monomer is 33 kDa.

Analytical SEC on concentrated fractions from the major peak of the preparatory SEC
(Figure 12) showed a single peak running at a volume corresponding to the molecular
weight of 65 kDa, which is consistent with a dimer, (the protein monomer is 32.4 kDa
for MurK and 33.0 kDa for K1058). The typical yields were 10 mg/mL for K1058 and

8.5-12.5 mg/mL for MurK.
Figure 12. Analytical SEC of
purified K1058 (black line)

and MurK (orange dashes).
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3.1.2. K1058/MurNAc and MurK/MurNAc crystallisation

A number of initial hits were identified from commercial screens (see: 2.1.1 Chemicals)
and fine screens set up on their basis. These were: K1058/MurNAc/AMP-PCP in
Morpheus condition 2-27/G3 (imidazole/MES pH 6.5, 0.1 M carboxylic acid mix, 12%
v/v glycerol, 6% w/v polythelene glycol 4000; PEG4000), K1058/MurNAc/AMP-PCP in
Morpheus condition 2-31/G7 (0.1 M carboxylic acids, 0.1 M sodium HEPES:MOPS pH
7.5, 12% vlv ethylene glycol 6% w/v PEG8000), a fine screen based on the original
MurK crystallisation condition (0.1 M BIS-TRIS propane buffer pH 5.5 or 6, 14-18% v/w
PEG3350, 0.08-0.18 M ammonium sulfate, 48). The crystals were either too small, did
not diffract or could not be replicated for optimisation. Large (240 ym by 100 um by 10
um) crystals were identified in the MurK/MurNAc/AMP-PNP fine screen, in 0.1 M BIS-
TRIS propane buffer pH 5.5, 16% v/iw PEG3350, 0.16 M ammonium sulfate (Figure
13a), but did not diffract above 8 A. Similar issues with diffraction and ice in loops
during data collection were encountered with MurK/MurNAc/AMP-PCP in PEGIon
condition 11-30/G6, (0.2 M ammonium tartrate dibasic pH 7.0, 20% w/v polyethylene
glycol 3350; Figure 13b).

Ultimately, the only crystals of K1058/MurNAc that diffracted to high resolution took
about nine months to grow (monitored monthly) in the initial screen Crystal I/l H2, in
condition H2 with 1.5 M ammonium sulfate, 0.1 M Tris pH 8.5, 12% v/v glycerol at 4°C
and AMP-PCP. They were long, thin, and flat, growing to a length of about 150-200
um by 20 um by 10 um (Figure 13c). Smaller crystals, diffracting to 4.5 A, were present
in the same condition at 20°C after five months. The single diffracting crystal for
MurK/MurNAc, with AMP-PCP (see Figure 13d) took about six months to grow and
was harvested from condition [-38/D2 of the initial Wizard IlIl/IV screen (15%
PEG10000, 100 mM trisodium citrate pH 5.5, 2% v/v 1,4 dioxane), with the dimensions
65 uym by 25 ym by 5 um.
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Figure 13. Representative crystals of the K1058/MurNAc and MurK/MurNAc complexes.
a. MurK/MurNAc/AMP-PNP crystals growing within hours in 0.1 M BIS-TRIS propane buffer
pH 5.5, 16% v/iw PEG 3350, 0.16 M ammonium sulfate at 20 °C. Protein concentration 9
mg/mL. No diffraction above 8 A was observed. b. MurK/MurNAc/AMP-PCP crystals growing
after two days in 0.2 M ammonium tartrate dibasic pH 7.0, 20% w/v polyethylene glycol 3350
at 20 °C. Protein concentration 8 mg/mL. No diffraction was observed. c. Diffracting crystals
(3-3.1 A) of K1058/MurNAc with AMP-PCP, grown over nine months in 1.5 M ammonium
sulfate, 0.1 M Tris pH 8.5, 12% v/v glycerol, AMP-PCP at 4°C. Protein concentration 9 mg/mL
d. Diffracting crystal (2.7 A) of K1068/MurNAc with AMP-PCP, grown over six months in 15%
PEG10000, 100 mM trisodium citrate pH 5.5, 2% v/v 1,4 dioxane at 4 °C. Protein concentration
8 mg/mL. Scale bar in the bottom right corner in all panels is 0.1 mm.

3.1.3. MurK and K1058 structure solution and refinement

The MurK/MurNAc crystal diffracted to a resolution of 2.7 A, but exhibited almost
perfect merohedral twinning (twin fraction 0.46), which likely contributed to the electron
density being of lower quality in two out of the six chains in the asymmetric unit (see
Table 2). Nevertheless, the chains could be traced, except for the final amino acids of
the C-terminal, and unambiguous density for the ligand was present in the four
remaining chains. The dataset for K1058/MurNAc was merged from two crystals grown
in the same condition, with a final resolution of 3.06 A. Density for all six chains of the
asymmetric unit was continuous until the final amino acids of the C-terminal and sugar

density was visible in all chains. In both cases, no density for the ATP analogue was
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present where it had been present in the MurK/AMP-PCP structure (48), despite its
presence in the initial protein solution when the crystallisation trials were set up.

Table 2. Data collection and refinement statistics for the MurK/MurNAc and
K1058/MurNAc structures. * denotes twinning in the MurK/MurNAc crystal. The
K1058/MurNAc structure was obtained by combining two datasets. Values for the highest

resolution shell given in parenthesis.

MurK/MurNAc*

K1058/MurNAc

Data collection
Space group

Cell dimensions
a, b, c(A)
a, B, v (%)
Resolution (A)
No. unique reflections
Redundancy
Rimeas (%)
11 o(l)
Completeness (%)
CCi2
Wilson B-factor (A?)
Refinement
Rwork / Riree
B-factors (A?):
Chain A/B/C/D/E/F
Ligand

R.m.s. deviations:
Bond lengths (A)
Bond angles (°)

Ramachandran:
Favoured [%]
Ouitliers [%]

14

(apparent space group: 141 2 2)

113.43, 113.43, 294.76
90, 90, 90

49.13 - 2.7 (2.87-2.70)
49814 (8018)

14.1 (14.5)

40.8 (338)

8.1 (1.2)

98.5 (98.6)

99.4 (46.6)

65

0.248 /0.277

72/48/72/51/71/99
66/40/-/48/61/-

0.009
1.85

90.8
1.9

P3:121

143.75, 143.75, 210.95
90, 90, 120

29.85 - 3.06 (3.14-3.06)
48103 (3521)

23.6 (20.5)

45.6 (331)

8.1 (1.0)

99.9 (100)

99.3 (34.8)

62

0.235/0.259

74/68/73/113/103/92
62/57/58/105/78/76

0.001
0.366

94 1
0.4

Both enzymes, as already shown in Karolin Gogler’s work (48), consisted of two a/f3
domains, a smaller N-terminal (amino acids 1-103) and a larger C-terminal one
(amino acids 104-284) and formed dimers (see Figure 14), which were confirmed to
be biologically relevant by analytical SEC and PISA (Proteins, Interactions,
Structures and Assemblies, 216) analysis. The elongated active site is located
between the two domains, likely bringing the phosphate group of the phosphate
donor and the hydroxyl group of the C6 carbon in proximity.
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Since no density for AMP-PCP was present in MurNAc-containing structures, this
could only be simulated by superimposing the AMP-PCP-liganded structure onto the
MurNAc-liganded one. It was found that the distance between the reactive groups was
suitable for the reaction to occur (3.4 A). The substrates were bound in separate parts
of the active site and did not overlap.

b N
o -

&
Sl S

«

K1058

Figure 14. Structures of MurK and K1058 in complex with MurNAc. Overview of the
MurK/MurNAc (a) and K1058/MurNAc (b) structures as dimers, shown as cartoon, with
MurNAc as green sticks. One copy of the protein chain is shown in purple (MurK) or magenta
(K1058), the other in grey. Red line represents the twofold symmetry axis of the dimer. Figures
prepared in PyMol (139) and adapted from (217).

The MurNAc active site was similar in the two proteins (see Figure 15), with highly

conserved aspartate residues at positions 95 and 141 (or 94 and 140, respectively, for

K1058). Aspartate 95 formed two hydrogen bonds, with C4 and C6 hydroxyl groups

of the sugar. Other hydrogen bonds were mediated by asparagine 119 (with C4

hydroxyl group) and the backbone amide of glycine 68 (with the oxygen of the ether

bond). Since the resolution of either structure did not allow for the identification of water
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molecules in the electron density, two water-mediated hydrogen bonds were
postulated for the MurK active site based on waters in the higher-resolution MurK/AMP-
PCP structure: serine 133 and an amide backbone interaction of leucine 135, both
interacting with the carboxyl functional group on the sugar.

These four direct interactions were also present in the K1058 (see Figure 15b), where
an additional hydrogen bond was formed by asparagine 32. An asparagine was also
present at the corresponding position in MurK, however, the distance between it and
the sugar was too large (3.6 A) for an interaction. No water-mediated hydrogen bonds
could be inferred based on the apo structure with waters for K1058.
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Figure 15. The MurNAc binding sites in MurK and K1058. Close-ups of the MurK (a) and
K1058 (b) binding sites and MurNAc. Residues forming contacts are shown as sticks, predicted
hydrogen bonds are shown as dashes. Hydrogen bonds and water molecules proposed based
on the MurK/AMP-PCP structure are shown in light blue and ivory, respectively. Density for
the ligands from the F,-F. difference maps, at 3o level, is shown as mesh. ¢. Superposition of
the active sites from (a) and (b). Conserved residues forming hydrogen bonds between the
two kinases are shown in grey. K1058 residues shown as lines. Residues that do not form
hydrogen bonds and do not differ between the kinases shown as cartoon only. Helices a3, a4,
a10, sheets (36, B7, B8, and loops B3a1, a10B9 (panel a), helices a1, a4, sheets (36, B7, B8,
and loops B7B8, a10B9, a12a13 (panel b), helices a3, a4, a 13, sheets B6, 7, B9, loop 3a1,
a3b6, b7b8, a10B9, a12a13 (panel ¢) have been partially or completely removed for clarity.
Figure adapted from (217).
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The consequences of the differences in the MurNAc binding sites between MurK and
K1058 were largely unclear (Figure 15c¢). An isoleucine residue was located at position
69 in MurK instead of a threonine 69 in K1058, but both of these were too far for
interactions with the ligand. A proline at position 134 in MurK is bulkier than the alanine
at the corresponding position in K1058, but an arginine residue at position 132 of
K1058 is bulkier compared to a serine 133 residue in MurK. In K1058, arginine 132
could be mediating additional contacts, however, it was pointing away from the sugar

and the active site in this structure.

3.1.4. Movement of N-terminal and buried surface area changes of MurK and
K1058 on MurNAc binding

On comparison of the apo and MurNAc-bound structures as well as modelling by the
DynDom server (218), a large movement of the smaller N-terminal domain could be
observed in both proteins. This was a rotation of over 12°, together with a movement
of about 4-8 A, depending on the residue, which brought the two domains closer
together into a more closed conformation (see Figure 16). The movement was not
observed on binding of the AMP-PCP to MurK, which remained largely the same as

the apoenzyme (Figure 16c¢).
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K1058 Apo
K1058/MurNAc
MurkK Apo

Figure 16. N-terminal domain movement on binding of MurNAc, but not AMP-PCP, in
MurK and K1058. a. K1058 apo (blue) and K1058/MurNAc (red), superimposed on the C-
terminal domain (residues 90-272) b. MurK apo (orange) and MurK/MurNAc (yellow),
superimposed on the C-terminal domain (residues 91-273). ¢. MurK/AMP-PCP (green) and
MurK/MurNAc (yellow), superimposed on the C-terminal domain (residues 91-273). d. MurK
apostructure (orange) and K1058 apostructure (blue), superimposed on the C-terminal
domains. e. MurK/MurNAc (yellow) and K1058/MurNAc (red), superimposed on the C-terminal
domains. Figure adapted from (217).
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PISA analysis (219) showed a change in the dimer interface formation on binding of
the sugar, too, with the estimated buried surface area increasing from 1200 A2 to 1600
A2 (see Table 3). The N-terminal domain movement on MurNAc binding brings the N-
terminal domains in the dimer closer together, resulting in stronger interactions
between the interfacing residues (present especially in helices a4, a5, and a7 in MurK
and corresponding helices a5, a6, and a8, as well as loop B8a5 in K1058) and in new
interactions, particularly in loop a1B3 in MurK.

Table 3. Surface area of dimer interfaces of MurK and K1058 (all values in [A?]). SAA:
Solvent-accessible area; BSA: Buried surface area. K1058 apo has a single chain in the
asymmetric unit, which is predicted to form a symmetrical interface, so a single value is given.
The highest-confidence interfaces were chosen for comparison.

Apo With MurNAc
MurK SAA BSA SAA BSA
Chain 1 13390 1163 13290 1590
Chain 2 13600 1155 13520 1610
K1058
Chain 1 13240 1210 12840 1620
Chain 2 - - 13150 1630

3.1.5. Structural homologues of MurK and K1058

A Dali search (Distance matrix alignment, 220) identified structural homologues of the
kinases. Some, including the two best matches (Z-score up to and above 35, root mean
square deviation: 2.0: see Table 4), were targets of structural genomics projects and
as such had not been functionally characterised. They did, however, originate in
related (genus Bacteroides) bacteria or another member of the red complex (P.
gingivalis), with the latter predicted to be a glucosamine kinase. Other high-scoring
matches included sugar kinases from organisms such as humans, the thermophilic
archaeon Sulfolobus tokodaii, or other pathogenic bacteria like Haemophilus
influenzae or Pasteurella brucellosis. Non-kinase proteins included the MreB cell

shape-determining protein and cell division protein FtsA.
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Table 4. Best Dali (220) matches for MurK/MurNAc and K1058/MurNAc structures

PDB Z-
Name Organism Code score [r.m.s.d. [A][|Similarity to
Conserved hypothetical|Bacteroides
protein Q8A1P1 thetaiotaomicron |1zxo 35.9 2.0 MurK/MurNAc
Putative N-
acetylglucosamine Porphyromonas
kinase PG1100 gingivalis 1zbs 34.9 2.1 MurK/MurNAc
Broad-specificity Sulfolobus
hexokinase tokodaii 2e20 23.4 2.8 MurK/MurNAc
N-acetylglucosamine
kinase (NAGK) Human 2ch5 22.6 2.8 MurK/MurNAc
Probable N-
acetylglucosamine Chromobacterium
kinase violaceum 1zc6 22.3 2.7 MurK/MurNAc
Cell shape-determining|Spiroplasma
protein MreB eriocheiris 7e1g 17.2 2.7 MurK/MurNAc
N-acetylmannosamine |Haemophilus
kinase influenzae 6jdb 15.8 3.3 MurK/MurNAc
Streptomyces
Glucokinase griseus 3vgl 15.6 3.7 MurK/MurNAc
Rod shape-determining|Caulobacter
protein MreB crescentus 4czf 15.1 3.1 MurK/MurNAc
Conserved hypothetical|Bacteroides
protein Q8A1P1 thetaiotaomicron |1zxo 36.5 1.9 K1058/MurNAc
Putative N-
acetylglucosamine Porphyromonas
kinase PG1100 gingivalis 1zbs 36.4 2.0 K1058/MurNAc
Broad-specificity Sulfolobus
hexokinase tokodaii 2e2q 25.5 2.5 K1058/MurNAc
N-acetylglucosamine
kinase (NAGK) Human 2ch5 23.7 2.7 K1058/MurNAc
Probable N-
acetylglucosamine Chromobacterium
kinase violaceum 1zc6 22.6 2.9 K1058/MurNAc
Cell shape-determining|Spiroplasma
protein MreB eriocheiris 7e1g 17.7 2.6 K1058/MurNAc
Rod shape-determining|Caulobacter
protein MreB crescentus 4cze 17.0 2.9 K1058/MurNAc
N-acetylmannosamine |Haemophilus
kinase influenzae 6jdb 16.9 3.3 K1058/MurNAc
Thermotoga
Cell division protein FtsAlmaritima 1e4dg 16.7 2.9 K1058/MurNAc

The percentage sequence similarity (Table 5) between the two solved structures was
over 44% between MurK and K1058 and ranged from 16.5 to 24% for comparisons
with the two closest functionally characterised matches: the S. tokodaii glucokinase
(PDB ID: 2e2e) and human NagK kinase (PDB ID: 2ch5).
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Table 5. Percentage sequence similarity of MurK and K1058 to the closest functionally
characterised homologues

Protein MurK (K1058 [Human NagK S. tokodaii (PDB: 2e20)
(PDB: 2chb)

MurK 100.00 [44.2 [|17.5 22.2

K1058 44.2 |100.0 |16.7 17.8

Human NagK (PDB: 2ch5) [17.5 |16.7 |100.0 23.8

S. tokodaii (PDB: 2e20) 222 (17.8 |23.8 100.0

Superposing the S. tokodaii glucokinase (PDB ID: 2e20) and human NagK kinase
(PDB ID: 2ch5) onto K1058 showed similarity in the overall fold (Figure 17a and c).
This included the active site (Figure 17b,d), where the two aspartates (94 and the
catalytic 140 in K1058) were conserved. Asparagine 32, which formed a hydrogen
bond with the MurNAc in K1058, but did not at the homologous position in MurK, was
also conserved. Asparagine 118 was conserved in the human, but not the archaeal
enzyme. The archaeal kinase had an additional hydrogen bond formed by aspartate
71, and a glycine homologous to glycine 67 forming a hydrogen bond via the backbone
nitrogen in MurK (Figure 18a).

This additional aspartate would likely clash with the N-acetyl group of the MurNAc,
precluding its processing by the S. tokodaii glucokinase. No such clashes are present
in the human NagK structure, and, indeed, the enzyme has recently been shown to
process MurNAc dipeptide in addition to GICNAc (221).
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Figure 17. K1058 and its two closest functionally characterised structural homologues
with substrates. a. K1058 (blue; MurNAc in ) and the broad-specificity hexokinase
(grey; glucose in green) from S. tokodaii (PDB ID: 2e20), superimposed on the C-terminal. b.
Close-up of the active site from the superposition in (a) Labels refer to the K1058 residues. c.
K1058 (blue; MurNAc in ) and the human NagK kinase (grey; GIcNAc in green; PDB
ID: 2ch5), superimposed on the C-terminal. d. Close-up of the active site from the
superposition in (¢) Labels refer to the K1058 residues. Figure adapted from (217).

Comparison of binding sites to other structurally similar bacterial sugar kinases has
suggested that specificity for MurNAc is mediated not by the presence of specific
residues in the active site, but rather by their absence: glucokinases have an aspartate
or glutamate residues in the active site, which would clash with the carboxylic acid
group, as in the S. griseus glucokinase (Figure 18b) or, more rarely, a similarly clashing
histidine in this position, as in H. influenzae mannosamine kinase (Figure 18c). The
lack of bulky side chains at corresponding positions (serine 133, proline 134, leucine

135) lining the cavity allows for accommodation of MurNAc in MurK.
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Figure 18. Superimposition of the active sites of MurK and other sugar kinases. a. the
closest functionally characterised homologues of MurK (purple, MurNAc in green) and K1058,
the human GIcNAc NagK kinase (dark grey) and S. tokodaii glucokinase ( )- b. Active
site residues mediating MurNAc binding or MurNAc specificity in MurK (purple) and those
potentially clashing with this sugar in S. griseus glucokinase (black, PDB ID: 3vgl). c. Active
site residues mediating MurNAc binding or MurNAc specificity in MurK (purple) and those
potentially clashing with this sugar in H. influenzae mannosamine kinase ( , PDB ID:
6jdb). All superimpositions on the active site sugars only, only MurNAc from the MurK/MurNAc

structure shown for clarity. Figure adapted from (217).

3.1.6. Coupled MurNAc phosphorylation assays

Each replicate reaction measurement showed a decrease in absorbance at 340 nm
corresponding to the depletion of NADH, the slope initially increasing in steepness with
time, and a plateau was reached at the higher MurNAc concentrations (Figure 19a).
Given the reversible capacities of the LDH as an enzyme, this was assumed to
correspond to the depletion of MurNAc, and not NADH, which would have been
replenished. The highest slope values were not recorded at the very beginning of the
experiment, as would be the case in direct assays measuring initial rates, but later.
This period is known as lag time and is related to the enzyme reactions being coupled
(205,206): at the beginning of the experiment, the intermediate substrates have not
been produced in a sufficient quantity for the subsequent reactions to become
saturated. While the lag time can be calculated by independently establishing the rates

of the coupled reactions (206), in this case it was estimated to be about 150 seconds
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by comparing the derivatives of the experimental curves to identify the time points for
the fastest rate, which is also a published approach (205).

MurNAc assays showed a two-fold difference in MurNAc maximum phosphorylation
velocity (Vmax) between MurK and K1058 (80 and 0.34 umol min"' mg™!, respectively).
The Kwm values were in the same order of magnitude (180 and 28 yM for MurK and
K1058, respectively), with lower values corresponding to stronger binding in K1058,
regardless of whether the model accounted for substrate inhibition (see Table 6).
However, the kcat and Vmax values were much lower than for MurK, corresponding to
the slow reaction speed observed during the measurements, which required using a
hundred times more enzyme than in the case of MurK to obtain curves and reach
substrate depletion in a comparable time scale.

The kinetic parameters were compared for models including or excluding substrate
inhibition (see Figure 19b and c). For MurK, the curve fitted better in a model including
substrate inhibition, while, in the case of K1058, the Ki error was larger than the Ki
value, which, together with the poor fit of the line, suggested the classical Michaelis-
Menten model was more applicable in this case. The influence of substrate inhibition
in MurK was only evident at the highest (1-3 mM) MurNAc concentrations, as confirmed
by the high Ki value (5.6 £ 2.3 uM).

Table 6. Kinetic parameters for MurK- and K1058-catalysed phosphorylation of
MurNAc. * denotes the substrate-inhibited model.

Protein  Kn [UM]  Vmax [umolmin' mg™] Keat [s7] Ki [mM] Keat/Km [s™' M]

MurK 110+20 62127 32+14 - 300000 *
56000

MurK* 180+£40 80.0+8.0 42 +4.2 56+23 230000 +
56000

K1058 28+10 0.34 £ 0.02 0.18+0.01 - 6400 + 2900

K1058* 55+22 0.38+0.04 020+0.02 20+23 3600 + 1500
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Figure 19. Results of coupled assays for MurNAc phosphorylation catalysed by MurK
and K1058. a. An example raw data measurement for a MurK reaction with 1 mM MurNAc
concentration. Absorbance at 340 nm, in black, and the trend line fitted to the fastest linear
section, in . b. The Michaelis-Menten saturation curves for MurK-catalysed
phosphorylation of MurNAc. Grey, a classical Michaelis-Menten saturation curve. Purple, a
Michaelis-Menten saturation curve accounting for substrate inhibition. ¢. The Michaelis-
Menten saturation curves for K1058-catalysed phosphorylation of MurNAc, as in (b). Grey, a
classical Michaelis-Menten saturation curve. Purple, a Michaelis-Menten saturation curve
accounting for substrate inhibition. Each data point represents the slope of the trendline from
a measurement as in a., converted to umol/min/mg from Abs/second. Error bars represent one
standard deviation value. Figure provided by Dr Georg Zocher.
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3.1.7. Purification of MurK and K1058 mutants

The six binding site mutants (see 2.2.9) were purified successfully according to
protocols for the wild type proteins, with some variations in yield but similar purity. CD
measurements indicated folded a-helical and B-sheet structures, with local ellipticity
minima at 210 and 220 nm (see Figure 20a). Stability was examined by analytical SEC
after three freeze-thaw cycles and showed no influence of the freeze-thawing cycles
on the homogeneity or height of the peak (Figure 20b) in all six cases. Preliminary
mass spectrometry experiments were performed in the Mayer lab to compare the
enzyme specificities after mutations. However, they were abandoned, given that
K1058 did not show the expected preference for GIcNAc over MurNAc in the MS or
preliminary kinetic assays. In fact, its ability to process GIcNAc seemed limited, and
the only data confirming this was a 16-hour endpoint radioactivity assay, which did not
provide information on kinetics. Overall, this suggested the specificity-switch
assumptions (from MurNAc-exclusive MurK to MurNAc and GIcNAc-processing
K1058), on which the active site residue-swapping mutant design had been based,

were false and this line of investigation was abandoned.

a
2 K1058 T69! 700 Figure 20. Example
- _::1::::){ 600 characterisation of purified
E :Z chimeric active site mutants.
£ . w s a. CD spectrum of K1058 T69I
z mutant, showing ellipticity peaks
}E & L—/"‘_ 00 T at 210 and 220 nm wavelength,
o P corresponding to folded protein
o with 79% a-helical and 21% B-
20 sheet content according to
™ = Vi:velen ;ﬁf’(nm] . - analysis with BeStSel (222). b
Superose200Inc Analytical SEC
of K1058 T69I A134P after
b 170 i purification and concentration

1
e
w
o

(black line) and after three

u

E 130 cycles of flash-freezing in liquid
E1o ' nitrogen and thawing (
§ o E =—KIESaTRM e ), showing no change in
g 7 ; the elution profile. Elution
€ 50 | 3 x freeze-thawed
8 | volume 1.46 mL corresponds to
=] .
2 32 \ a My of 60 kDa on this column,
1 \ i
— about the expected weight for a
-100.0 0.5 1.0 1.5 2.0 25 .
Elution volume [mL] dimer (65 kDa)-
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3.2. Part 2 - Studies of HAdV penton base in complex with the
integrin entry receptor

3.2.1. Expression, purification, and characterisation of wild type HAdV-C5
penton base

Western blotting to verify and optimise expression of the penton bases showed that
the proteins were expressing, with signal both in Sf9 and High Five cells (Figure 21).
The signal for the His-tagged HAdV-C5 penton base was stronger in Sf9 lysates than
in High Five lysates (Figure 21b), so the Sf9 cells were used for all further expressions
of the HAdV penton bases. The optimal MOI and timepoint for harvest were identified
as 2.5 virus particles/cell and 96 hours post infection, respectively, as they
corresponded to the most prominent bands. MOI of 2.5 showed signal that was similar
in strength to that from MOI of 5, so the former was selected as a more efficient use of

the baculovirus stocks.

a pellet supernatant b MOl -vectrl 25 5
Mol .ve 18 36 63 _9 18 -ve6.3
M 72 96 72 96 7296 72 9672 9672 96 72 72 kDa
kD 100—|
o t-2
55— - 55—
.t 40_ 4

- -a

V... -

Figure 21. Expression of HAdV-C5 penton base WT in High Five and Sf9 cell lines under
different conditions. a,b. Western blots of HAdV-C5 penton base WT in lysates and
supernatant from High Five (H5) cells infected with different MOls (a), and lysates of High Five
and Sf9 cells infected with different MOls (b), with an anti-His-tag primary antibody, confirming
expression and showing stronger signal in Sf9 cells compared to High Five cells. The expected
M., for the uncleaved HADV-C5 penton base wild type is 65.8 kDa. 72 and 96 refer to hpi; M —
marker.
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Figure 22. Purification of HAdV-C5 penton base WT in different buffers. a. IMAC step of
the purification of HAdV-C5 penton base WT in Tris buffers, showing a small impurities peak
and a small peak at 50% elution buffer. b. A large amount of the penton base remains in the
pellet fraction after lysis and centrifugation, and little of it elutes, with a lot of impurities, as
shown on the SDS-PAGE of samples from the lysis and IMAC steps of HAdV-C5 penton base
WT purification in Tris buffers. ¢. IMAC step of the purification of HAdV-C5 penton base WT
in HEPES buffers. d. SDS-PAGE of samples from the lysis and IMAC steps of HAdV-C5
penton base WT purification in HEPES buffers, showing a clear band in the fractions
corresponding to the peak. The protein elutes in the void volume of the column, which indicates
the My, of aggregates or higher-order oligomers. e. Preparative SEC step of the purification of
HAdV-C5 penton base WT in HEPES buffers, showing a single protein peak in the void volume
and a smaller one corresponding to the DTT in the buffer. f. SDS-PAGE of fractions from the
preparative SEC in (e), showing protein of the right M,, is present only in the void volume peak.
Expected M,, for the HAdV-C5 penton base WT is 66 kDa. Chromatography fractions analysed
by SDS-PAGE marked in red.
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Extensive attempts were made to find the appropriate purification conditions for the
HAdV penton base (Figure 22). Initial attempts with the wild type constructs (focusing
on penton base from HAdV type 5) used a number of buffers in search for one that
would solubilise the protein. These were based on buffers (section 2.1.5) previously
used in penton base purifications in literature and other communications: the HAdV-
C2 penton base crystal structure (Tris-based; Zubieta buffer); the type C5, F40, andF
41 HAdV penton bases wild type (used in the Arnberg group purification, 138, personal
communication), adjusted by substituting the phosphate buffer, unsuitable for
structural studies, with Tris); and the HEPES-based buffer used by M. Liaci (198) for
bacterial purifications of the penton base.

The HEPES-based buffer resulted in the best solubility and yields of the wild type
protein (see Figure 22c and d). However, the resulting protein eluted completely in the
void volume of the preparative SEC (Figure 22e) and analytical SEC (Figure 23a),
despite running at the expected molecular weight on the SDS-PAGE gels (Figure 22f),
suggesting aggregate or multimer formation.

Negative stain EM showed large, somewhat regular assemblies, which didn’t fit
perfectly to dodecahedra in shape, with a preference for assemblies of between five
and seven pentamers (see Figure 23b), though the size fitted well (28 nm diameter for
HAdV-C2 penton base, the monomer of which has the Mw 58 kDa, 151). Given the
prevalence and size of these multimers in the sample, it was decided to proceed with
purifications of mutants designed to prevent the formation of dodecahedra based on
the crystal structure of the penton base dodecahedra of HAdV-C2 (198) and HAdV-B3
(160).
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Figure 23. Characterisation of purified HAdV-C5 penton base WT. a. Analytical SEC
(SD200Increase) of purified and concentrated HAdV-C5 penton base WT, showing a single
peak in the void volume, above the 600 kDa maximum resolution range of the column. b.
Negative stain images of purified and concentrated HAdV-C5 penton base WT, showing they
are somewhat regular assemblies of pentameric penton bases, of a similar size to previously
observed dodecahedra (expected size: 28 nm), though not as ordered and with a preference
for assemblies of five-seven pentamers. An example assembly of six pentamers (black arrow)
and a single pentamer (red arrow) have been marked on the micrograph.
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3.2.2. Expression, purification, and characterisation of the non-dodecahedral
mutant of the HAdV-C5 penton base

The mutant form solubilised and purified well in the IMAC step in the HEPES-based
buffer (Figure 24a,b). However, in the preparative SEC, two peaks were visible beyond
void volume (Figure 24c). This was the case even when only the later half of the lower
Mw peak was collected and pooled: the two-peak pattern would be present in the
analytical SEC, too (Figure 24d). This suggested the existence of an equilibrium in the
purified sample. The higher Mw-peak ran at 1.03 mL, roughly corresponding to 930 kDa
(the highest weight in the available calibration standards is 600 kDa, hence values
above this are estimates), which could match a pentamer triplet, a smaller assembly
than the full dodecahedron, but still a higher oligomer than a single pentamer. The
second, lower-Mw peak, could likely be the pentamer, with the elution volume of 1.19
mL corresponding to the Mw of 390 kDa, as compared to the expected Mw of 300 kDa
(expected Mw of the mutant penton base monomer was 59.2 kDa).
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Figure 24. Purification of the dodecahedra non-forming mutant of HAdV-C5 penton base
and multimer formation in different salt concentrations. a. IMAC step of the purification of
HAdV-C5 penton base mutant in HEPES buffers, with peaks at about 25% and 50% elution
buffer. b. SDS-PAGE of samples from the lysis and IMAC steps of HAdV-C5 penton base
mutant purification in HEPES buffers. c. Preparative SEC step of the of HAdV-C5 penton base
mutant in low salt HEPES buffer shows two peaks. d. Analytical SEC (SD200 Increase) of
purified and concentrated HAdV-C5 penton base mutant in low salt (150 mM NaCl) HEPES
buffer. One peak (1.19 mL, 390 kDa) roughly corresponds to the My, of the pentamer, the other
to a triple pentamer (1.03 mL, 930 kDa). e. Preparative SEC of HAdV-C5 penton base mutant
in high salt (500 mM) HEPES buffer f. Analytical SEC (SD200 Increase) of purified and
concentrated second half of the lower-M, peak HAdV-C5 penton base mutant in high salt The
two peaks are as in (d). The expected My, of HAdV-C5 mutant penton base is 59 kDa.
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3.2.3. Control of multimer formation in the non-dodecahedral mutant of the
HAdV-C5 penton base

Attempts were made to elucidate the mechanisms governing multimer formation and
equilibrium, as SEC experiments showed a varying relationship between the peaks,
with the higher-Mw peak larger or smaller than the desired lower-Mw peak. Modifying
the HEPES-based buffers to contain high (500 mM) rather than low (150 mM) NaCl
resulted in a more favourable ratio, making it the buffer of choice (Figure 24e).
However, concentrating the lower peak after preparative SEC again produced two
peaks (Figure 24f). Concentrating the sample in even higher (1M) NaCl buffers failed
to improve the ratio.

Moreover, it was observed that omitting concentrating the sample after the IMAC step
resulted in the most favourable ratio of the peaks seen (Figure 25a,b). This, however,
meant that the volume of material for preparative SEC was reduced to the maximum
loading volume of 10-12 mL for a SD200 26/60 column. This, together with the inability
to concentrate the fractions after the SEC step, led to the final concentration of the
protein not exceeding 0.1-0.5 mg/mL (compared to 10-15 mg/mL in concentrated
samples). Since not all material from penton base-containing IMAC fractions could be
pooled for SEC, the IMAC peaks were compared to identify ones with the best
higher:lower Mw peak ratio (best singlet pentamer content).

Elution with a gradient of 0-100% IMAC elution buffer (10-500 mM imidazole) resulted
in three separate peaks, which could be better separated with a step elution (steps of
25%, 50%, and 100% elution buffer). The contents of the two largest (25 and 50%)
peaks (Figure 25c) were compared using analytical SEC (the 100% peak was the
smallest in terms of absorbance and the bands showed the least intensity in the SDS-
PAGE gels, hence was left out). The 25% peak consisted of a wider range of species,
including a broad 1.27 mL peak (252 kDa; Figure 25d), which could correspond to a
range of complete and incomplete pentamers. However, concentrating this peak
produced higher multiple-pentamer Mw species (data not shown), precluding the use
of this material in further purification steps. The 50% peak was the one with the best
presumed triplet to singlet pentameric pentamer ratio (Figure 25e) and it was pooled
accordingly in future purifications. These differences were impossible to identify from
denaturing SDS-PAGE gels, where all fractions contained a strong band at the same

Mw of about 70 kDa, roughly corresponding to a monomeric penton base.
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Figure 25. Purification and optimisation of the pentamer singlet to pentamer triplet
ration in the HAdV-C5 penton base dodecahedra non-forming mutant a. Preparative SEC
of HAdV-C5 penton base mutant in high salt (500 mM NaCl) HEPES buffer without
concentrating the sample. b. Analytical SEC (Superose6) of HAdAV-C5 penton base
dodecahedra non-forming mutant in high salt HEPES buffer without concentrating the sample.
1.23 mL estimated to be 2120 kDa, 1.46 mL 418 kDa; likely corresponding to the
SD200Increase 1.03- and 1.19-mL peaks, respectively ¢. An IMAC purification of the HAdV-
C5 penton base dodecahedra non-forming mutant. Fractions analysed in (d) and (e) are
indicated. d. Analytical SEC (SD200 Increase) of the 25% elution buffer peak from (c), with the
largest, broad peak (1.27 mL; 252 kDa) eluting at a lower molecular weight than expected for
the pentamer, though extending to higher weights, too. e. Analytical SEC (SD200 Increase)
for the 50% elution buffer peak from (c), with the largest peak (1.20 mL, 370 kDa)
corresponding to the pentamer and smaller peaks corresponding to larger multimers (1.03 mL,
931 kDa). The void volume of the column is 0.88 mL, so the earlier peaks (0.70 mL) are
impurities from previous runs.

To check if it would be possible to concentrate the protein between the IMAC and SEC
steps in this way, an additional affinity step of ion exchange was applied. IEX had been
used previously in penton base purifications (151), however, in this case, it did not
improve the pentamer content, and it was abandoned (data not shown).
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To verify if storage or freezing conditions could affect the formation of higher-order
oligomers, analytical SEC was conducted on differently treated samples (Figure 26).
Prolonged (7 days) storage at 4°C did not lead to degradation, but rather formation of
additional higher-order oligomers (Figure 26a), and freezing itself did not affect the
peak multimer ratio (Figure 26b). Three methods of freezing tested also showed no
difference (data not shown). Hence, all samples were flash-frozen and stored at -80°C
before use.

Importantly, no method to break up the higher-order oligomers once formed has been
identified, nor any conditions in which concentrating would not lead to formation of
oligomers. Increasing of salt concentration to 1 M NaCl, reducing pH to 5.5 in succinic
acid-based buffer identified from thermal shift assays for either concentration or the
preparative SEC step, and a variety of reducing agents, were tested, among others.
Ultimately, the protocol with 500 mM salt and no concentrating was accepted for HAdV-
C5 penton base mutant.
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3.2.4. Expression and purification of the integrin avf3 according to an optimised
protocol

Purification of av33 was re-started and optimised from protocols previously developed
in the group (197,198). Expression was confirmed with western blotting, where the
expected two bands (one for a-, 120 kDa, the other one for 3-subunit, at 100 kDa) were
visible (Figure 27a). Optimisation for MOI and harvest time gave the same results as
previously (197): MOI of 5, 120 hours post infection, and Sf9 as the cell line.

Since the insect cell culture protocols have been optimised after previous attempts,
with lower-passage number cells and serum-free culture, the integrin was successfully
purified from a smaller volume (300-500 mL) of culture supernatant than previously (8
L). Consequently, the step of concentrating the supernatant to 1.5 L by filtering it with
a tangential flow device could be removed from the protocol. The reduction in culture
volume proved successful, with a visible Abs2so peak in the initial IMAC step (Figure
27b) and appropriate bands on the gel (Figure 27c,d), and significantly facilitated the
purification process for the integrin.

The next step according to established protocols was Strep-tag affinity
chromatography purification. However, this step diluted the protein further without
enhancing its purity (data not shown), so it was omitted, further simplifying the
purification. HRV 3C protease cleavage to remove the Fos-Jun dimerization domains
and His- and Strep-tags from the av and B3 subunits, respectively (for construct design
details, see Table 1 and 165), was successful, as was later trypsin cleavage to remove
the heterogeneity caused by spontaneous N-terminal degradation of the av subunit.
This required optimisation to prevent digestion of all purified material, but once the
short (30 minutes) time and low enzyme concentration (about 0.3 ug trypsin per 100
Mg integrin) were identified, it was also successful. The integrin was recovered either
by a reverse IMAC step or dialysed into the appropriate SEC buffer and purified by
preparative SEC. The av33 peak was concentrated to 0.3-0.5 mg/mL (integrins do not
tolerate higher concentrations well). The yields were around 1-1.2 mg/L of culture, a

notable improvement from the previous results of 0.03-0.08 mg/L.
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Figure 27. Expression and purification of the integrin a8z from insect cells. a. Western
blot with a primary anti-His-tag antibody of cell culture supernatants, incubated with and eluted
from Ni?* beads. The two bands running at higher molecular weights above 100 kDa
correspond to the a, subunit (expected My 130 kDa) and its spontaneous cleavage product
(the B3 subunit is not His-tagged). b. IMAC purification of a,B3. Fractions analysed on gel in
panel (c) are indicated in red and labelled. c. SDS-PAGE of the IMAC purification, with the two
expected bands at 130 and 100 kDa for subunits a, and Bs, respectively; degrading material
from the a, subunit and a 40 kDa impurity previously identified as cathepsin L are also present.
d. SDS-PAGE of HRV3C and trypsin digest, after HRV3C removal of the dimerization domains
with tags, and trypsin digest. In this case, the trypsin digest has not changed the composition
visibly. The remaining lanes show the fractions for the SEC step, with two bands for the two
subunits in the peak fractions.

3.2.5. Formation and characterisation of the HAdV-C5 non-dodecahedral
mutant:integrin avf83 complex

The two complex components were run on the analytical SEC columns after incubation
together in a 1:1 or 1:5 ratio or separately (Figure 28). The unavoidably low
concentration of both components caused the Abs2so signal to be weak in the
measurements, typically between 1 and 10 mAu per peak. However, the reproducibility
of the elution volumes of these peaks could reflect the presence of new species of a

particular molecular weight on complex formation.
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Many of the penton base samples suffered from heterogeneity: the pentamer triplet
peak was prominent before the purification protocol had been optimised. Nevertheless,
a peak shift towards higher Mw on adding the complex components together could be
seen, indicating the formation of a new, larger species. The peak was broad, spanning
0.3-0.4 mL from 0.9 mL (void volume) to 1.2-1.3 mL, corresponding to estimated
molecular weight from 5 megaDaltons (MDa) at the void volume to below 670 kDa
(reference thyroglobulin with a Mw of 670 kDa eluted at 1.31 mL). The estimated My,
particularly for higher molecular weights, are approximate, as the calibration of
analytical SEC columns did not involve species above 670 kDa. The expected Mw for
the complex would be between 500 kDa and 1.3 MDa (the Mw of the pentamer singlet
is 300 kDa, to which between one and five 200 kDa-integrins can be bound).

The broad peak suggests a range of stoichiometries, which would agree with the fact
that more than one integrin can bind to the five available RGD loops. Typically, a peak
corresponding to the Mw of the singlet pentamer would still be present in the complex
sample, suggesting not all of the pentamer participated in the binding. This was the
case also when oversaturating the pentamer with a 1:8 pentamer:integrin molar ratio
(data not shown). However, the signal extending to the exclusion limit of the column
would suggest aggregate, as the expected maximum molecular weight for the complex
is well beyond that.

Overall, the evidence for complex formation from analytical SEC was rather weak and
difficult to interpret, given the weak signal and variability of the peak shapes given by

the components and the complex.
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Figure 28. Example analytical SEC of a complex formation attempt between HAdV-C5
penton base dodecahedra non-forming mutant and integrin a.fs. Analytical SEC
(Superose6) comparison of the complex components separately and incubated together at a
1:5 ratio shows a peak shift towards higher M. Contamination of the penton base sample with
higher-order oligomers is an issue. Estimated My: 1.23 mL — above 670 kDa, 1.46 mL — 418
kDa. Expected M,, range for the stoichiometries of the complex: 500-1300 kDa.

Negative stain electron micrographs of the complex samples showed pentameric
species, some of which were surrounded by elongated, two-subunit proteins (Figure
29). This suggests that the complex was formed successfully. The number of integrins
that could be identified around a pentamer varied between one and two (with three in
some unclear cases, which could be more than one pentamer), though the
stoichiometry of the complex as set up was 1:5. The sample was not homogenous,
with some assemblies consisting of more than one pentamer, and the integrin
assuming multiple conformations, as expected. The penton base showed a preference

for a vertical orientation, and the horizontal side views were fewer.
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Figure 29. Negative stain EM of the complex of HAdV-C5 penton base dodecahedra non-
forming mutant with integrin a,B3. a. Negative stain EM images of the complex components
incubated together overnight (1 to 5 pentameric penton base to integrin molar ratio) show
pentameric shapes with elongated leg-like structures attached, corresponding to integrins. b.
Enlarged segments of the micrographs, showing examples of the pentamer with integrins in
more detail.

3.2.6. CryoEM data collection and processing

Initial data collections, on samples of 1:1 (210 movies) and 1:5 (141 movies)
penton:integrin complexes showed the material was too concentrated on the grid. This
positioned the pentamer into a top orientation, which resulted in 2D classes of only or
almost only the top view (data not shown). Therefore, the best data set of 826 movies
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was collected of the penton:integrin complex at a 1:5 stoichiometry, diluted 1:2 (see

Table 7 for statistics)

Table 7. CryoEM data collection and processing statistics

HAdV-C5 penton base

HAdV-C5 with extra density

Magnification

150000

150000

Voltage (kV) 200 200
Electron exposure (e/A?) | 40 40
Defocus range (um) -1.21t0-3 -1.2t0-3
Pixel size (A) 0.97 0.97
Symmetry imposed C5 C1
Particles after 2D | 147300 147300
classification

Final particles 52070 6126
Map resolution 473 A 9.70 A
FSC threshold 0.143 0.143

Initial model (PDB code)

3izo, low-pass filtered to 60 A

3izo, low-pass filtered to 60 A

The data were processed as described above (see Section 2.2.22). Briefly, movies
were aligned to produce micrographs, particle images were picked, sorted into 2D
classes, and 3D reconstructions were obtained from particles in high-quality 2D

classes (Figure 30).
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Penton Base:Integrin 1:5 Complex CryoEM Workflow
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Figure 30. Overview of the workflow and results of the CryoEM data processing. All
reconstructions shown at an isocontour level between 20 and 30.
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CryoEM micrographs of the complex (Figure 31a) visualised the penton base in
pentameric form, in some cases with the integrin visible next to it, however, the inherent
lack of contrast made it difficult to identify this protein. As a result, the final approach
to particle picking was to pick all visible penton bases with a box size large enough
(200 pixels; Figure 31b) to account for any potential integrin heads, then separate the
bound and unbound penton bases during the in silico classification stages.

The averages of the 2D classes showed sharp, clearly pentameric features (see Figure
31c), with a preference for top views shown by the prevalence of such classes.
Nevertheless, some side views were also present, as were bottom views. Cycles of
discarding the particles that formed classes with featureless averages (likely picked
erroneously) and subsequent re-classification led to a final set of about 147000

particles, which all belonged to classes with clear averages.
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Figure 31. CryoEM data collection and reconstruction of the HAdV-C5 penton base-
integrin a,3 complex structure, 1:5 penton base to integrin ratio. a. Micrograph of the
sample, showing the presence of the penton base. The integrin is less clear. b. The same
micrographs as in (a), with particles picked by centring on the pentamers with a 200 px box. c.
Sample of the largest 2D class averages calculated from the picked particles. No symmetry
has been applied. There is a preference for top views of the pentamer, but classes with side
and bottom views are also present. The integrin is not visible. Class averages for classes that
were used in further processing marked with an orange star.

3D classification without applying symmetry produced a set of classes with pentameric
features (Figure 30). The resolution-adjusted models from the X-ray structure of the
HAdV-C5 penton base could be fitted into them with a cross-correlation of 0.75, and,
in some cases, extra density could be seen, corresponding to unresolved flexible RGD
loops, as for the largest class containing 111000 particles (Figure 32a). Further 3D

classification rounds were performed until the largest 3D class was stable at 53000
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particles reconstruction, with Cs symmetry imposed at the final autorefinement stage,
producing a penton base reconstruction (Figure 32b), with resolution estimated to be
4.7 A (Figure 32c). The density for five HRV loops was clearly visible, however, the

capsid-proximal lower part of the pentamer was largely absent, possibly due to

flexibility.

a
Largest class
(100000 particles)

b

c5 symmetry + autorefine

Correlation
o
=S

0.143 at4.7 A

-0.10.0 0.1 0.2 0.3 0.4 0.5
Spatial Frequency [1/A]

Figure 32. CryoEM 3D reconstructions of the HAdV-C5 pentamer. a. The largest (110000
particles) 3D class of the first classification, with an X-ray structure of the HAdV-C5 penton
base (PDB: 3izo) fitted into the density. b. Reconstruction of the penton base, with the features
enhanced by imposing a five-fold symmetry, with a resolution of 4.7 A. Scale bar corresponds
to 20 A. c. FSC plot for the reconstruction from (b), showing the estimated resolution according
to the gold standard method (195).

A smaller 3D class (9000 particles) obtained in the first 3D classification showed
additional density above the insertion domain that was not connected to that of the
pentamer (Figure 33). However, the density was comparatively featureless, and could
not be easily identified as the integrin or a neighbouring penton base.
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Re-classification of the particles from the largest 3D class (Figure 32a) into 10 new 3D
classes yielded another set of pentameric classes, one of which (a small one, with
6000 particles and estimated resolution of 9.7 A) had additional density that was
connected to the penton base by an elongated bridge (Figure 33). Again, the density
lacked features that would identify it, making the description of the binding mode
impossible. Attempts to use further protocols such as autorefine resulted in the
disappearance of the bridge and loss of distinguishing features. Using the bridged
class as the reference model did not provide any larger or more detailed classes with
this feature. It is notable that the bridge was always linked to where the RGD loop of

the penton base would be (it is not resolved in crystal structures due to the flexibility).

First 3D classification
(9000 particles)

Second 3D classification
(6000 particles)

Figure 33. Smaller classes from the cryoEM 3D classification, showing the penton base
and another feature adjacent to the penton base. In the case of reclassification of particles
from the first classification, the extra density is linked to the density of the penton base.

An integrin head could partly be fitted into this additional density (Figure 34). The cross-
correlation between the resolution-adjusted density generated from an integrin head
X-ray structure and the extra density was 0.55. The legs are likely too flexible to be
resolved, confirmed by attempts to classify particles picked with a 300-pixel box,
instead of 200-pixel, to extend the reconstruction, which failed. The lack of detail made

further interpretation of the non-pentamer additional density impossible, though the
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bridge and correlation score would suggest it is the integrin, with the bridge being the

penton base RGD loop. This linking feature is also present at 20, but not visible at the

30 confidence threshold, further weakening its significance as evidence.
b

Figure 34. 3D class with extra density continuous to the penton base, fitted with the penton
base and integrin structures (PDB ID: 3Im9), side (a) and top (b) view. The head of the integrin
matches the density to a certain extent, but the lack of higher-resolution structural features
could accommodate other proteins, including possibly another penton base.

3.2.7. Expression, purification of non-dodecahedral mutant of the HAdV-D9
penton base, and attempts at structural investigations of its complex with
the integrin avfs

Penton base from HAdV-D9 has an RGD loop shorter by nearly 50 amino acids

compared to HAdV-C5. As such, it is likely to be less flexible and the RGD loop-integrin

interaction easier to resolve with structural techniques. Initial western blotting showed
the protein to be expressing in Sf9 cells and purifying in the first IMAC step (Figure
35a). The highest signal was in the 48-h sample, which led to the initial shortening of
the expression time from 96 hours. However, difficulties with solubility and higher-order
oligomer formation, which could not be resolved with: lower salt (150 mM NaCl) buffer,
phosphate buffers, 25 mM Tris-HCI pH 7.5 buffering component, harvesting freshly
without freezing, SEC analysis of the protein after IMAC (major peak >600 kDa) to
identify the pentamer singlets, overnight dialysis in SEC buffer to remove imidazole,

incubating at room temperature for 1 hour or 1 week, and incubating with 3 mM [3-

mercaptoethanol as reducing agent (data not shown), led to a return to the original 96

hour expression time. Under these conditions and after generating new baculovirus

stock, the high-salt HEPES buffer produced good solubility and high yields, the same
as for penton base from HAdV-C5 (Figure 35b,c).
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The multimeric assemblies remained an issue, as seen in preparative SEC, where the
protein eluted in two peaks (Figure 35d). Analytical SEC of the lower-Mw peak (sample
C3, Figure 35d,e) showed a range of species in peaks that run together (from 1.10 to
1.5 mL, corresponding to a large range between over 450 kDa to nearly 5 MDa at the
0.9 mL void volume, with a major peak at 1.28 mL above 670 kDa volume) and an
additional, much smaller peak at 1.61 mL (between 440 and 158 kDa, possibly
corresponding to the penton base; issues with calibration of the column made it
impossible to estimate Mw, which could only be compared to the elution volume of the
standard proteins).
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Figure 35. Expression, purification, complex formation, and cryoEM data for the HAdV-
D9 non-dodecahedral mutant penton base. a. Western blotting with an anti-His-tag primary
antibody of cell lysates from an expression in Sf9 cells and an IMAC purification of HAdV-D9
penton base. b. The IMAC step of the purification of HAdV-D9 penton base. Samples analysed
in (¢) marked in red. c. SDS-PAGE gel with samples collected during the IMAC. d. The
preparative SEC step of the purification of HAdV-D9 penton base, showing two conjoined
peaks. Samples analysed in (f) marked in red, fractions for (e) and negative stain (Figure 36)
marked in blue. e. Analytical SEC (Superose6 Increase) of the lower-M,, peak from (d) showing
a broad peak, or possibly two, suggesting a range of species. 1.28 mL elution volume
corresponding to a My above 670 kDa, 1.61 mL between 440 and 158 kDa could correspond
to a 265 kDa pentamer. f. SDS-PAGE gel with samples taken during the SEC (d), showing the
protein runs as the same species for both peaks on the gel. Predicted M, of HAdV-D9 penton
base mutant is 55.7 kDa.
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According to the SEC experiments, the homogeneity of purified HAdV-D9 penton base
mutant was insufficient for structural studies. However, negative-stain EM of the lower-
molecular weight arm of the lower-Mw peak (fraction C8, Figure 35d and Figure 36a)
showed a nearly-homogenous, pentameric sample, at a concentration that enabled
visualisation by EM. This suggests variation in the multimeric content of the preparative
SEC peaks, likely at the level of distinct fractions.

Formation of the complex of the integrin with the penton base from HAdV-D9 (1:5
penton base:integrin ratio) was examined using analytical SEC. The Abszso values
were still low (1-10 mAu range) due to the limited concentrations of the components,
but the peaks were sharper compared to the experiments with HAdV-C5 penton base
(see section 3.2.5).

The penton base sample showed a single, broad peak, ranging from 1.05 to 1.46 mL
(Figure 36b), suggesting a range of molecular weights and differing considerably from
the profile in previous analytical SEC runs (Figure 35e). The peak absorbance was
highest at 1.23 mL elution volume, compared to the 670 kDa thyroglobulin reference
at 1.38 mL. In the complex sample, there was a single peak, at the void volume. This
was a clear peak shift compared to the components, suggesting there is a change in
the molecular weight, which would suggest a single species is present. However, the
peak occurs at the void volume (0.91 mL), indicating a much higher molecular mass
than expected, possibly aggregate, given that the higher limit of the column is 5 MDa.
The maximum My for the complex is 1.3 MDa (the penton base pentamer is 265 kDa,
that of the integrin 200 kDa after cleavage, and there are maximum five integrin binding
sites on the pentamer), which is well below the exclusion volume. A 1.56 mL peak
corresponding to the integrin decreases on incubation with the penton base, but does
not disappear completely, suggesting not all of it is bound or involved in the

aggregation.
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Figure 36. Negative stain EM of purified HAdV-D9 penton base dodecahedra non-
forming mutant and its complex formation with integrin a,f3. a. Negative stain electron
micrographs of fraction C9 from Figure 35d, showing a largely homogenous, pentameric
protein. b. Analytical SEC (Superose6 Increase) of the 1:5 penton:integrin complex and its
components, showing a clear peak shift towards higher M,, compared to the complex
components. The resulting peak elutes in the void volume (0.91 mL), which points to a very
high (5 MDa or higher), potentially aggregated, My (maximum M, of 1.3 MDa expected for the
complex). The penton base sample peak is at 1.23 mL, above the 1.38 mL corresponding to
670 kDa and the calibration limit of the column.
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Negative stain images of the complex samples showed exclusively the penton base
(data not shown), likely due to the integrin being lost in that complex preparation
attempt. CryoEM studies on the HAdV-D9 penton base:integrin complex, both at 1:5
and 1:10 stoichiometry, suffered from material thawing cycles during transport and the
absence of material in the vitrified samples (Figure 37a). Some pentamers were
present in the micrographs: for two sets, only around 200 particles could be picked, in
each case from 30 micrographs. In another sample, which had thawed in transport,
more material was present, enabling the automated picking of 17500 particles. Most of
these were likely picked erroneously, and 2D classification averages revealed blurry,
circular or faintly pentameric, features, seen almost exclusively as top views (Figure
37b). Further rounds of 2D classification to remove the contaminating particles did not
improve class averages. The quality of the data did not warrant further processing.
Similar issues were encountered with the new HAdV-C5 penton base:integrin complex

samples processed and imaged at the same time (data not shown).
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Figure 37. cryoEM data collection on the HAdV-D9 penton base:integrin complex
samples. a. Micrograph of the 1:5 HAdV-D9 penton base:integrin complex, showing little
pentameric material. Possible pentamers have been marked by orange arrows. b. 2D class
averages of the particles picked, showing blurry, very faintly pentameric features, compared
to the sharp classes of the HAdV-C5 penton base mutant dataset (see Figure 31¢). Panel (a)
provided by Dr Ausra Domanska, University of Helsinki CryoEM Facility.

3.2.8. Expression and purification attempts of the non-dodecahedral mutant of
HAdV-B35 penton base

Penton base from HAdV-B35 was also expressed and purified according to the same

protocol (HEPES-based buffers) as the penton bases from HAdV-D9 and HAdV-C5.

The elution profile for IMAC (Figure 38a) looked similar to that of the other homologues,

with three peaks, out of which the 50% elution buffer one was the highest. However,
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in the fractions containing the most material, there were multiple bands on the gel in
addition to the prominent expected 58.5 kDa Mw penton base monomers, which were
the most prominent (Figure 38b). These additional bands were running at about 40
kDa, suggesting degradation.

The elution profile for the preparative SEC had a different higher Mw to lower Mw peak
ratio to the other two penton bases, with the higher Mw peak having greater Abs2so than
the lower Mw peak (Figure 38c). This could indicate less singlet pentamers and more
of the higher order oligomers. Analytical SEC on the lower Mw peak (Figure 38d)
showed virtually the same profile as the one for the lower Mw peak in the HAdV-D9
penton base: a broad peak from 1.13 to 1.5 mL, corresponding to a large range
between over 450 kDa to below 5 MDa at the 0.9 mL void volume, with the highest at
1.28 mL above 670 kDa volume, and second, smaller peak at 1.57 mL, with 440 kDa
ferritin running at 1.54 mL (compare section 3.2.7). Negative stain analysis showed a
range of multimers larger than pentamers and generally heterogenous (Figure 38e).
While attempts had been made to collect cryoEM and initially process datasets of a
HAdV-B35 penton base:integrin complex, too, they suffered from similar issues of too
little material, thawing during transport, and only around 300 particles could be picked
from the 30 micrographs taken. As in some of the datasets with penton base HAdV-
D9 described above, this made them unsuitable for 2D classification 3D

reconstructions (data not shown).

3.2.9. Attempts of purifying and imaging a cross-linked complex

Cross-linking the complex with DSS was attempted to enable a separation of the
different stoichiometries present and removal of aggregates by SEC. The cross-linking
step was generally successful, with silver stain gels showing additional higher-Mw
bands in the cross-linked samples. The original bands were still present and there was
no accumulation of most of the material in the pockets, which would suggest excessive
cross-linking (Figure 39a,b). However, SEC separation of the cross-linked complex
typically resulted in low signal and samples the contents of which could not be
visualised with silver stain on the SDS-PAGE.
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Figure 38. Purification and negative stain electron microscopy of HAdV-B35 penton
base non-dodecahedral mutant. a. IMAC step of the purification of HAdV-B35 penton base,
showing the highest peak eluting at 50% elution buffer. Fractions analysed in (b) marked in
red. b. SDS-PAGE gel with samples taken during the IMAC, showing the protein at the
expected My is eluting, although there are lower M,, species, particularly at 40 kDa, which were
absent in the purifications for other HAdV types. ¢. Preparative SEC step of the purification of
HAdV-B35 penton base, showing two peaks, with the higher-My, peak the more prominent one.
Fraction analysed in (d) and (e) marked in red. d. Analytical SEC (Superose6 Increase),
showing a broad peak that could be two conjoined peaks, similar to the HAdV-D9 penton base
analytical SEC elution profile (Figure 35e). e. Negative stain micrograph of the sample from
d., showing a range of species larger than pentamers and lacking pentameric features. Scale
bar in the left hand-corner is 100 nm. Expected M., for HAdV-B35 penton base is 58.5 kDa.

In this regard, the experiment shown in Figure 39b,c, showing both clear peaks on the
chromatogram and bands identifiable as the complex components on the gel, was the
exception. As the column used for this experiment had not been calibrated, it wasn’t
possible to assign Mw values to the species. The presence of both integrin subunits
and penton base in the conjoined peaks 1 and 2, shown by SDS-PAGE, would suggest

the smaller peaks corresponded to different complex stoichiometries, and the tallest
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peak to free penton base or integrin. All peaks eluted well after the estimated 5 mL
void volume of the column, corresponding to 6 MDa.

CryoEM on the SEC fractions of the cross-linked complex did not yield data of sufficient
quality for 3D reconstructions (Figure 39d), with little material present and a preference
for top views and a tendency of the penton bases to aggregate. Other attempts, using
BS3 as the cross-linker, failed, producing no interpretable signal on the SEC or gel,

and nothing but large aggregates visible in negative stain micrographs (data not

shown).
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Figure 39. Cross-linking of the HAdV-C5 penton base mutant-integrin complex. a,b.
silver stain SDS-PAGE gels of the complex components and DSS-H12/D12 cross-linked
samples. pb, penton base. Lanes with samples vitrified for cryoEM marked by orange stars.
¢. SEC analysis (TSKgel G6000PWXL column) of the cross-linked sample of 1:5 HAdV-C5
penton base mutant:integrin complex from (b). The void volume of the column was at about 5
mL and corresponded to 6 MDa. d. cryoEM micrograph of the sample from peak 2, showing
the top views of pentamers, likely aggregated, which did not produce enough views for a
reconstruction.
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4. Discussion

4.1. Part 1 — T. forsythia kinases MurK and K1058

Previously optimised protocols for the production of large amounts of highly pure MurK
and K1058 (Figure 11, Figure 12) enabled their crystallisation in complex with the sugar
MurNAc. The production of well-diffracting crystals was challenging (Figure 13), with
both complexes requiring at least six months for crystal growth. The resolution of the
structures was somewhat limited (2.7 A and 3.1 A for MurK and K1058, respectively),
precluding the modelling of waters, and the MurK crystals additionally suffered from
merohedral twinning (see Table 2). Nevertheless, both provided information about the
protein fold and binding of MurNAc. The overall structures were very similar to the
previously solved apostructures, with the glucokinase fold typical for the ASKHA
superfamily (Figure 14) within the ribonuclease H-like group (223). The protein forms
a dimer, which was predicted to be biologically relevant by PISA and confirmed by
analytical SEC (Figure 12). Comparison of apo, ATP analogue-, and MurNAc-bound
structures showed that on MurNAc binding the N-termini of the proteins shift closer to
the C-terminus, forming a more closed conformation (Figure 16), and the buried
surface area of the dimer increased by 400 A2 (Table 3). The residues involved in
hydrogen bond formation were the same in the two enzymes, with the exception of
asparagine 32, which could only form hydrogen bonds with the MurNAc in K1058, and
the binding sites of the two enzymes only differed by four residues (Figure 15). A Dali
search for structural homologues revealed close matches among uncharacterised
predicted proteins (one of which was a predicted GIcNAc kinase) from related bacteria,
but also archaeal and human kinases (Table 4). Comparison of the active sites (Figure
8,9) from these and other, structurally similar, bacterial kinases showed that MurNAc
binding is enabled by the absence of bulky residues in the active site, which would
clash with the lactyl ether group of the MurNAc. Such residues (for instance glutamic
acid 154 in S. griseus glucokinase or histidine 153 in H. influenzae mannosamine
kinase) are present in kinases that are known to have other substrates and are unlikely
to process MurNAc. Moreover, they are absent in the human NagK protein, which was
recently shown to 6-phosphorylate both MurNAc and muramyl dipeptide (224).
Coupled kinetic assays showed MurK had similar apparent kinetic parameters as
established previously: a Km of 180 pyM (200 uM in reference 41) and substrate
inhibition at the highest concentrations (1-3 mM MurNAc; Table 6, Figure 19). The
previously uncharacterised K1058 had a better affinity (Km 28 uM), but much worse
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reaction speed (Vmax 0.34 pmol min' mg-!, compared to 80 umol min' mg™ in MurK),
which correlated with the higher enzyme concentrations required to record signal in
the assays. Active site mutants could be purified, were stable and folded (Figure 20),
but preliminary data on K1058 specificity challenged the relevance of their design, so
they were not included in the assays.

4.1.1. First crystal structures of kinases in complex with MurNAc suggest a

specificity mechanism

New crystallisation conditions had to be identified for both MurNAc-kinase complexes
rather than optimising conditions in which the apo and MurK/AMP-PCP structures
crystallised, making the process more laborious (Figure 13). This was likely due to the
large conformational change (Figure 16) in the protein on MurNAc binding, which
prevented soaking of the crystals of the apo form with the sugar. Crystal damage or
cracking on soaking with the sugar substrate has been reported also for human NagK
(225) and S. tokodaii glucokinase (226). The N-terminal shift towards the C-terminal
on substrate binding, forming a more closed conformation, has been observed for
multiple glycokinases (225-230). This promotes the exclusion of water from the active
site and is also consistent with the model of induced fit (231), according to which
conformational change in an enzyme induced by substrate binding increases affinity
for the substrate, allowing for selectivity and promoting the completion of the reaction.
The rotation of the N-terminus towards the C-terminus on sugar binding is typically
greater in other glycokinases than the 12° observed in MurK and K1058. While the
human N-acetylmannosamine kinase also exhibits a 12° rotation (228), the N-terminal
domains in the human NagK (on GlcNAc binding) (225), S. tokodaii broad-specificity
glucokinase (on glucose binding) (226), Pasteurella multocida NagK (229), and
Plesiomonas shigelloides NagK (230), rotate by 20-26° compared to their apo forms.
In some cases, further rotations have been reported on phosphate binding to the
enzyme-sugar complex, for instance 16° in P. shigelloides NagK-GlcNAc to AMP-PNP
(230), 12° Streptomyces griseus glucokinase to AMP-PNP (232), and possibly on ADP
binding to S. fokodaii-glucose (226). Other enzymes, such as the human N-
acetylmannosamine kinase, do not exhibit conformational changes on phosphate
binding by the enzyme-sugar complex (228). Although only a small shift is observed in
MurK on binding AMP-PCP in relation to the apoenzyme structure, the lack of a ternary
complex structure or data on the preferred binding order makes it impossible to exclude

that a conformational change occurs on phosphate binding to the MurK-MurNAc
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complex. For P. shigelloides NagK, binding to AMP-PNP alone elicits a small
conformational change, and a 16° shift is only present on its binding to the NagK-
GIcNAc complex, although the order of binding has been shown to be random (230).
Therefore, it is possible that further conformational changes would also take place in
the ternary complex of MurK or K1058.

While the inability to obtain the structure of a ternary complex reduced the amount of
information on the catalytic mechanisms of the enzymes, superposition of MurK/AMP-
PCP and MurK/MurNAc (See Figure 4 in Research Article, Appendix, 217), on the C-
terminus due to the conformational shift of the N-terminus, provided a credible model.
The two substrates bound in separate locations of the binding site and the distance
between the reactive groups (3.4 A) would enable the reaction to take place. In the
proposed catalytic mechanism, aspartic acid 95 polarises the oxygen atom of the
hydroxyl group at MurNAc CG6, leading to the oxygen’s nucleophilic attack on the y-
phosphate of the ATP. This type of mechanism has been proposed for multiple sugar
kinases, and confirmed by mutational studies proving that the homologous aspartic
acid is essential (230,233). The similarity of K1058 and K1058/MurNAc structures to
those of MurK would suggest the ternary complex and reaction mechanism would likely
follow the same principles.

No amino acids obviously mediating MurNAc specificity by engaging the N-acetyl or
lactyl ether groups were present among the predicted hydrogen bonds in the active
site of MurK (Figure 15a). Binding to MurNAc was similar in the two kinases (Figure
15), with the binding site conserved except for four residues, which did not have an
immediately obvious influence. A hydrophobic, phenylalanine-lined cavity
accommodated the methyl of the N-acetyl group, the oxygen of which formed an
additional bond with asparagine 32 in K1058 only. This asparagine is conserved
between the T. forsythia kinases, the human NagK (225), and S. tokodaii broad-
specificity glucokinase, which can phosphorylate GIcNAc (226). The presence of this
interaction in K1058, but not MurK, could at least partly explain the improved binding
affinity of K1058 for MurNAc in the activity assays (Table 6), and suggest K1058’s
ability to process GIcNAc could be better than MurK, as suggested previously (47).
Comparison to structural homologues enhanced the interpretation of the structure. Top
structural matches (Table 4) represented sugar kinases from the three domains of life:
bacteria, archaea (S. fokodaii glucokinase), and eukaryotes (human NagK kinase).
Given the importance of sugar metabolism to basic life processes, this deep
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conservation is to be expected. Comparison of active sites revealed that sugar kinases
known to process other substrates, such as glucose, typically had bulky residues in
the active site, which would clash with the MurNAc lactyl ether group (Figure 18). This
is unlike the serine 133 - proline 134 - leucine 135 residues and arginine 132 — alanine
133- glycine 134 residues in MurK and K1058, respectively, which lined the cavity, with
the larger side chains pointing away from the active site, leaving space for the lactyl
ether group. This observation likely enables the prediction of MurNAc-binding ability
from sugar kinase structures, suggesting the top two Dali matches of bacterial
hypothetical proteins and the human NagK. While there are no functional data for the
hypothetical proteins, NagK has recently been shown to have a physiologically relevant
ability of phosphorylating muramyl dipeptides (224).

Overall, the structures and modelling were able to provide a cohesive description of
the binding sites and reaction mechanism, as well as suggest an explanation for the

specificity.

4.1.2. Activity assays pose questions about K1058 function and specificity
The assays were not completely robust, being adapted from an earlier protocol, without
optimisation by ensuring the saturation of some of the reagents (different ATP, NADH
concentrations had not been tested, assuming they would be replenished by the
reversible activity of LDH). Protein freezing and thawing was kept to a minimum, as,
together with prolonged (months) storage at -80 °C, it was observed to result in issues
with reproducibility. While the activity seemed highest in freshly purified protein that
had not been frozen, it was impossible to make all 30 measurements of up to 45
minutes immediately after purification. Therefore, all protein samples underwent only
a single freeze-thaw cycle, and all measurements were made within days of purification
and freezing.

The results within this setup were reproducible for both proteins, including between
different batches of purified protein. Additionally, MurK exhibited apparent kinetic
parameters similar to previously reported (41); Table 6), and substrate inhibition at the
highest MurNAc concentrations (1-3 mM) was also observed. Substrate inhibition at
those concentrations is unlikely to be physiologically relevant, though it could perhaps
be involved in regulating MurK activity in a feedback loop mechanism limiting its activity

when the substrate is highly abundant (234).
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K1058 has a greater binding affinity, but a much lower efficiency than MurK. This raises
questions about its role and natural substrates in vivo. A few potential explanations are
discussed below.

Firstly, K1058 could simply be an enzyme that has a low efficiency, and its function is
duplicated by the more efficient MurK. While this would not confer an obvious selective
advantage (and bacteria seem to be under selective pressure to lose genes, 235),
paralogous enzymes can occur in an organism. In Bacillus subtilis, a pair of homologue
(over 70% sequence similarity) glutamate dehydrogenases with very similar kinetic
properties are regulated by two different promoters. They are expressed
complementarily depending on the conditions and unable to substitute for each other
when expressed under the other’s promoter, as one of the proteins is more sensitive
to glutamate concentrations and pH (236). Here, the low efficiency of K1058 (perhaps
coupled with the substrate inhibition of MurK at high MurNAc concentrations) could be
a mechanism to limit the 6-phosphorylation of MurNAc under conditions of high
MurNAc abundance. A switch from a high to a low-efficiency enzyme, by transcriptional
control or another mechanism, would ensure the limiting of production and prevent
formation of excessive product, with the two kinases complementing each other.
Secondly, K1058 could have a different natural substrate and only incidentally have
the ability to phosphorylate MurNAc. Earlier studies showed that it was unable to
process a number of sugar substrates: glucose, 1,6-anhydroMurNAc, glucosamine,
and galactose, only phosphorylating MurNAc and GIcNAc (47), similarly to MurK (41).
These results from extended 16-hour assays led to the conclusion that MurK was
specific for MurNAc only, and K1058 for both GIcNAc and MurNAc. Later mass
spectrometry measurements showed both proteins phosphorylated GIcNAc, and
preliminary kinetic assays suggested the efficiency was very low, lower than for
MurNAc, in both cases (Marina Borisova, personal communication). Although these
preliminary assays suffered from multiple issues, including reproducibility, their
indications regarding limited GIcNAc-processing ability of both kinases (together with
the inability to obtain a GIcNAc-bound structure of K1058 despite extensive trials)
decreased the priority of studying this reaction. A direct comparison of the MurNAc-
and GIcNAc-phosphorylating abilities of K1058 with full kinetic assays for both
substrates and both enzymes would have improved our understanding of this property

but was not undertaken due to time constraints.
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K1058’s localisation immediately upstream of the Tanf_08345-08370 gene cluster
responsible for peptidoglycan scavenging (237) (which in turn is directly upstream of
the MurKTQ operon), would suggest it is involved in PGN recycling processes. It was
postulated as a GIcNAc 6-phosphorylating enzyme in a model of PGN recycling (237),
which would be coherent with there being no characterised T. forsythia enzymes with
this function, and its location in the genome, but conclusive evidence is missing so far.
The potentially poor kinetic parameters of GIcNAc phosphorylation by K1058 are not
necessarily an argument against this being its natural substrate. Research into enzyme
evolution has shown that enzymes do not evolve towards optimal kinetic parameters
(238,239), but their evolution is constrained by multiple other factors (240), and greater
efficiency does not necessarily equate to a selective advantage (241). The drive for
evolutionary optimisation is particularly limited if an enzyme functions within a pathway
that contains other, less efficient enzymes (242). In fact, on examination of kinetic
parameters deposited for thousands of enzymes, it was found that the majority of the
enzymes were only “moderately efficient”, particularly when involved in secondary
metabolism (238). For a GIcNAc kinase involved in the PGN recycling network, where
GIcNAc-6P can already be generated from MurNAc-6P by MurQ (44), and other
enzymes use GIcNAc as a substrate as well, the evolutionary pressure for optimisation
may be limited.

Alternatively, as the lactyl ether group is not constrained in the active site, substrates
with further functional groups added to the MurNAc moiety could be considered.
K1058’s structural similarity to the muramyl dipeptide-phosphorylating human NagK,
as well as space in its active site for the additional functional groups, raised the
possibility this could be the substrate. A preliminary mass spectrometry experiment
with muramyl dipeptide was performed, but no phosphorylated product was detected

(Marina Borisova, personal communication).

4.1.3. The immediate drug potential of the T. forsythia kinases is uncertain

The validity of MurK as a drug target is uncertain. Since T. forsythia MurK knockout
mutants had a growth advantage under MurNAc-depleted conditions and showed little
difference under MurNAc-supplemented conditions (41), MurK inhibitors would not be
effective against T. forsythia. The MurK and MurQ proteins are responsible for shunting
MurNAc to a catabolic pathway that ultimately provides additional substrates for
glycolysis without direct involvement in PGN synthesis. While the T. forsythia MurNAc
dependency seems a promising target for the development of drugs, the system is in
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fact rather robust. The bacterium can use different sources of the sugar, importing both
MurNAc and MurNAc-containing disaccharide products of PGN degradation, via the
inner-membrane transporters MurT (44) and AmpG (243), respectively. Therefore,
blocking MurNAc import would require inhibiting at least two proteins. The most
promising target seems to be the postulated Tf AmgK/Tf_MurU bypass pathway,
which, given the absence of many of the classical de novo PGN synthesis genes, is
likely the main route for PGN production in T. forsythia (45). In Pseudomonas putida,
AmgK phosphorylates MurNAc and GIcNAc, which then serve as substrates for MurU,
which generates the committed PGN precursors, UDP-MurNAc or UDP-GIcNAc (21).
However, not only does the viability of these genes as targets need to be confirmed
experimentally, but T. forsythia was also reported to have the ability to use sialic acids
instead of MurNAc when grown in biofilms (46), a form strongly associated with
periodontitis. Finally, the absence of this MurNAc dependence in some T. forsythia
strains (42), together with the MurA/MurB sequences being present in some canine
isolates (244), suggests that acquisition of MurA/MurB-encoding genes could easily
occur via horizontal gene transfer, leading to resistance.

Moreover, periodontitis is a complex disease. Originally, the presence of particular
bacterial species, particularly the red complex, has been associated with disease
progression (245). However, more recent models postulate that the interplay between
species is more important for the development of dysbiosis. The presence of defined
groups of bacterial species is not strictly required for the development of the disease
(37), with early pathology strongly mediated by inflammation and immune responses
(246). Treatment of periodontitis relies on mechanical interventions, and antibiotic use
is only recommended as a potential adjunctive treatment (247), as there are indications
that it can be beneficial in certain cases (248). Targeting T. forsythia could possibly be
another adjunctive intervention but, given the difficulty of drug delivery to biofilms or
deep dental pockets, it seems unlikely to be practical or sufficiently impactful against
the intricate factors that drive the condition. Successful selective antibiotic treatments
for periodontitis, such as amixicile, have targets shared by anaerobic bacteria,
reducing the population of multiple species associated with pathogenicity (249).
However, should reports of the presence of T. forsythia correlating with conditions such
as Alzheimer’s disease or cardiac disease (reviewed in 34) be linked to pathogenesis,

interest in specific therapeutic agents could increase.
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Overall, structure-informed design of MurK inhibitors is unlikely to be of immediate use
for treatment against T. forsythia and periodontitis. Nevertheless, other pathogens, for
which MurNAc kinases or related enzymes are essential, could be identified and
investigated, and inhibitors could also be of use in research on glycan processing
pathways. For instance, the function of the P. gingivalis and B. thetaiotaomicron
enzymes identified as MurK and K1058 structural homologues (Table 4), could be
examined. Since these organisms are not auxotrophic for MurNAc, these genes are
unlikely to be essential, but research on them could provide information on MurNAc
processing. MurNAc metabolism is an attractive drug target, as it is absent in humans,

which could limit treatment side effects.

4.1.4. Potential further experiments

A line of inquiry that presents itself is establishing the function of K1058: performing
kinetic assays to characterise its interactions with GIcNAc and generating knockout
mutants to examine their viability under normal and MurNAc-depleted conditions.
Advantages or disadvantages in growth under different conditions, together with mass
spectrometry data on accumulated byproducts, could indicate whether the enzyme is
involved in MurNAc or PGN processing, or in different pathways altogether. MurK
activity with GIcNAc should also be characterised kinetically and compared to the low
activity reported previously (41). These results would yield a picture of the interactions
of these two enzymes with GIcNAc and clarify whether they may be of significance in
Vivo.

Kinetic activity assays of the two closest structural homologues of MurK and K1058,
the biochemically uncharacterised putative bacterial kinase proteins from P. gingivalis
and B. thetaiotaomicron (Table 4), could also be performed. They could confirm
whether MurNAc acceptance can be predicted from the structure of the enzyme active
site, which needs to accommodate the lactyl ether functional group. This in turn could
lead to mining for other potential MurNAc kinases in structure prediction databases,
such as those generated by AlphaFold2 (171), and identification of further proteins of
interest.

Finally, inhibitor design could be attempted, for instance by substituting functional
groups that would form stronger interactions with the protein, for the N-acetyl and lactyl

ether moieties of the sugar backbone.
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4.2. Part 2 — Towards a structural understanding of HadV penton
base-integrin complex
This project aimed to establish the complex structure of the HAdV penton base capsid
protein with its receptor, the integrin avB3. The mutant HAdV type 5 and type 9 penton
base and integrin avB3 were successfully expressed and purified from insect cells,
although the penton bases suffered from sample heterogeneity, forming multimeric
assemblies. SEC data suggested, but did not conclusively prove, formation of the
complex, which was confirmed with negative stain and cryoEM micrographs. CryoEM
micrographs contained both unbound penton base and the penton base:integrin
complex at different integrin stoichiometries, which increased the challenge of data
processing, particularly at the stage of particle picking. CryoEM reconstructions yielded
clearly identifiable density for the pentameric penton base and, in some of the minor
3D classes, extra density lacking distinctive feature. This density was in some cases
linked to the penton by an elongated bridge, but it could not be identified as the integrin
with complete certainty. Attempts to enrich the complex at given stoichiometries by
SEC or SEC with cross-linking were thwarted by the low concentration of the complex

components.

4.2.1. Protein purification: issues of multimerization and low concentration
After initial optimisation of the expression and purification of HAdV-C5 penton base
wild type produced heterogenous multimers (Figures 21-23), HAdV-C5 and HAdV-D9
penton base dodecahedra non-forming mutants could be successfully purified when
solubilised in HEPES-based buffers and high salt (Figures 24 and 35). These
conditions differed from the previously published ones for HAdV-C2 penton base that
used Tris buffers (151,250), in which HAdV-C5 wild type was mostly insoluble (Figure
22ab). The HAdV-C2 construct was 50 residues shorter than the HAdV-5 wild type at
the N-terminus, but there was only a difference of six amino acids in the following 481
residues. This would suggest that these differences, likely the absence of the N-
terminus, together with the expression conditions (absence of a tag in HAdV-C2 penton
base, expression in High Five cells), were enough to result in different solubility for
HAdV-C5 penton base wild type.

Another study reported the purification of exactly the construct of wild type HAdV-C5
used in this work, which has been kindly shared by the authors (138, Annasara
Lenman, personal communication); but without describing the buffer composition.

Although it had been impossible to establish the experimental protocol with certainty,
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they were probably phosphate-based buffers unsuitable for structural biology. The
yields were low (Mikael Lindberg, University of Umea Protein Purification platform,
personal communication) and the protein assembled into heterogeneous multimers
ranging from pentamers to dodecahedra (138). The reconstructed buffers had Tris
substituted for phosphate buffers, but also did not improve solubility, and, given the
lack of certainty as to the components, were not optimised further.

Ultimately, HEPES-based buffers were required to properly solubilise and purify the
large amounts of HAdV-C5 penton base, both wild type (Figure 22) and dodecahedra
non-forming mutant (Figure 24) needed for structural studies. The issue of multimer
formation could be mitigated by increasing salt concentration (Figure 24) and omitting
any concentration steps (Figure 25). The ionic composition of a solution influences
interactions between proteins, particularly virus capsid proteins. For instance, the
poxviral scaffolding protein D13 self-assembles into cage- or tube-like structures under
low-salt conditions, and forms trimers in high salt (251), owing to specific charge
interactions and overall charge distribution patterns. Similar observations have been
made regarding HAdV-B3 dodecahedron stability, which dissociated into pentameric
penton singlets on dialysis into buffer with 370 mM or 1 M NaCl for 24 hours at 37 °C
(252). Since, among others, a charged interaction between amino acids conserved to
arginine 452 (mutated in the penton base mutant constructs, see below) and aspartate
at position 100 in HAdV-C2 penton have been shown to mediate dodecahedra
formation (151,160), the increase in salt concentration likely interferes with interactions
between pentamers. Unlike for capsid proteins of other viruses (253—255), mediation
of the interactions by calcium ions is unlikely, as EDTA has been reported to have no
influence on dodecahedra stability (252).

Additionally, concentrating the protein would bring the pentamers into closer proximity,
increasing the chance of interactions occurring. No solution was found to break up
triplets or higher-order oligomers of pentamers once formed, which necessitated a low
concentration of the protein in the final preparations. HAdV-B3 dodecahedra have
been reported to dissociate into free singlet pentamers under certain conditions (252).
However, these are likely too harsh (incubation at pH 10.4, or at 37 °C for 24 hours)
for samples to maintain the homogeneity needed for structural studies, while
incubation for extended periods of time at 4 °C promoted the formation of triplets, not
singlet pentamers (see Figure 26). Since the integrin also favours low concentrations,
and cryoEM does not require protein concentrations as high as crystallography, this
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was not an issue that prohibited complex production and data collection. However, the
verification of complex formation was made more difficult by low absorbance signals
in analytical SEC (Figure 28) or SDS-PAGE (Figure 39), and the purification of the
complex by SEC was impossible (Figure 39). Additionally, monitoring of sample
contents would have been easier with higher concentrations of both proteins, helping
to avoid problems with sample preparations and empty grids in some of the cryoEM
data collections (Figure 37).

The lack of easily accessible, reliable methods of multimeric state verification was a
major hurdle: for most of the project it was assumed that the preparative and analytical
SEC provided sufficient information regarding the molecular weight of the purified
penton bases. However, as observed in the purifications of HAdV-D9 and HAdV-B35
(Figure 35, Figure 38), a sample could present as multiple peaks on the analytical SEC,
varying between fractions, then be nearly homogeneous under negative stain electron
microscopy (Figure 36), but this was not reliably reproducible (Figure 37). Size
estimation of the species was also problematic, especially given the lack of column
calibration above 600 kDa, leaving the values from 600 kDa to 5 MDa without clear
assignment. In hindsight, a combination of a method establishing absolute molecular
weight, such as SEC-multi-angle light scattering (SEC-MALS), with negative stain
electron microscopy, and possibly native PAGE, would likely have been more effective.
Alternatively, ultracentrifugation could have been used to separate the different
molecular weights of the multimers, which could even remove the need to design non-
dodecahedral mutants.

Another issue was that the mutants designed to prevent the formation of dodecahedra
still showed a tendency towards forming multimers, tentatively identified as pentamer
triplets based on analytical SEC and negative stain results (Figures 24-26, 28, 29, 38).
While the formation of full dodecahedra does not seem to have occurred, the multimers
still make structural studies challenging, compromising sample homogeneity, complex
formation or characterisation due to the necessity of maintaining low protein
concentrations, as discussed above.

The mutants had a truncated N-terminus beyond the SELA motif (about 50-60 amino
acids) and the arginine involved in dodecahedra formation (arginine 452 in HAdV-C5
penton base, see Table 1) was changed to a glutamic acid. This design was based on
the crystal structures of HAdV-C2 (151) and HAdV-B3 (160) penton base
dodecahedra, which identified the residues homologous to aspartic acid 100 and
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arginine 452 in HAdV-C2 as mediating a charge-based interaction, as well as a strand-
swapping mechanism between pentamers, present only in HAdV-B3, initiated by N-
terminal residues s9ELSe1 (ELA in the penton bases used in this work).

The HAdV-C2 penton base formed dodecahedra only under particular crystallisation
conditions (151), unlike the HAdV-B3 penton base, where dodecahedra occur during
infection, and form spontaneously under some purification conditions (160). The
absence of the N-terminus strand-swapping mechanism, initiated by the serine-
glutamic acid-leucine-serine (or, as also proposed, the homologous serine-glutamic
acid-leucine-alanine residues in other HAdV types) motif and involving additional
residues upstream, in the HAdV-C2 structure, has been suggested as the reason for
this difference (160). Since changing the glutamic acid-leucine-serine motif to aspartic
acid-valine-alanine abolished the formation of dodecahedra completely, but the
structure showed it involved amino acids 49 to 61, and N-terminal truncation of the
initial 47 amino acids also reduced dodecahedra formation (160), in the mutant
constructs the N-terminus was truncated beyond the homologous serine-glutamic acid-
leucine-alanine motif to abolish this interaction. Given the tendency to spontaneous
proteolysis at the N-terminus (151,161,252), this appeared to be a practical solution to
both improve protein stability and prevent multimer formation. However, these two
approaches have not been shown to function synergistically, and it was the change to
aspartic acid-valine-alanine by itself, with the N-terminus undergoing only spontaneous
proteolysis (mostly of the first 9 amino acids), led to the production of singlet
pentamers. Removing the N-terminus could be counterproductive, as an earlier study
of HAdV-B3 penton dodecahedron structure found that a truncation of the first 37
amino acids was required for dodecahedron formation (161). The postulated reason
for this was the inability of the disordered N-terminus to fit inside the limited space of
the dodecahedron and potentially disrupting contacts between pentamer multimers.
The later findings by some of the same authors that, conversely, the proteolysis of the
first 47 (though not 40 or 42) amino acids limited dodecahedra formation, were
explained as those ten amino acids mediating strand-swapping (160). Still, the
complete removal of amino acids that could have obstructed contacts between the
pentamer singlets was not necessarily beneficial and could have additional
consequences. However, it seems unlikely to promote the formation of dodecahedron
intermediates such as pentamer triplets: triplets do not enclose a limited volume where

the N-termini need to fit.
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Further, the choice of altered residues could also be examined. The arginine 452
residue was shown to be involved in a charge-based interaction with aspartic acid 100
in the HAdV-C2 structure (151), and its mutation to a glutamate reduced dodecahedra
formation (160). However, the interactions of other residues were also involved in
stabilising this region. In addition to the interaction with arginine 452, the backbone
oxygen of aspartic acid 100 mediated contacts with threonine 454 and serine 455
(151). One of the differences between some dodecahedra non-forming and forming
types is the amino acid change from serine 455 to arginine 455 (one of the six
differences between HAdV-C2 and HAdV-C5 outside of the N-terminus) (160). An
auxiliary charge-based interaction between arginine 455 and aspartic acid 100 has
been postulated in the HAdV-B3 penton base dodecahedron structure, although the
resolution was not high enough to verify this (160). It seems possible that, in the
absence of arginine 452, arginine 455 could substitute for it in the interaction with
aspartic acid 100 to a certain extent. The negative stain micrographs of HAdV-B3
penton base with amino acid changes influencing dodecahedron formation showed
that the sample of aspartic acid 100 to arginine (D100R) variant contained more singlet
pentamers, whereas arginine 452 to aspartic acid (R452E) contained full dodecahedra
and smaller multimeric assemblies (160). It has been proposed that the repelling
interaction between the three arginines serves to additionally destabilise the
dodecahedra of D100R (160).

Therefore, it seems that designing constructs with a D100R amino acid change instead
of R452E would be a promising approach. The serine-glutamic acid-leucine-alanine
motif could also be mutated, changing glutamic acid-leucine to aspartic acid-valine,
and the N-terminus truncated by 47 amino acids to avoid heterogeneity introduced by
spontaneous N-terminal degradation. While the most robust way to confirm the
mechanism of multimer formation by the penton base and the effect of the introduced
amino acid changes in current and future constructs would be to crystallise the penton
base pentamer triplets, this would likely not be time- or cost-effective.

Alternatively, and more simply, considering the variation between HAdV types, penton
bases known not to form dodecahedra or only forming them under particular
conditions, such as HAdV-C2, which requires 1.5 M ammonium sulfate and 10%
dioxane (151), could have been chosen. However, it has been suggested that given
the absence of amino acids characteristic for penton bases of dodecahedra non-
forming serotypes, all penton bases are able to form dodecahedra under appropriate
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conditions (250). Since it is likely that concentration steps required in protein
purification could drive these processes, designing mutants of serotypes of interest
seems the better course of action. Additionally, integrin specificity is not known for all
HAdV types, which could introduce the requirement to establish a purification of an
integrin different than av33 to obtain a complex.

The optimisation of the expression and purification of the integrin av33 was successfully
achieved, resulting in great practical improvement. The previous workflow (165), while
feasible, involved handling litres of culture, increasing the difficulty and cost. The
improvements were simple and not directly related to the purification protocol itself, but
to the expression in insect cell culture. Once this was optimised to serum-free
conditions, reducing the presence of contaminants in the supernatant into which the
integrin was expressed, and to shaking culture instead of adherent culture, the
supernatant volume required for a purification decreased more than ten times. This,
together with the reduced contamination by other proteins, allowed for exclusion of

multiple steps from the protocol, simplifying it noticeably.

4.2.2. The HAdV penton base-integrin complex can be formed, but is difficult to
characterise

Verifying complex formation with analytical SEC indicated that the molecular weight
composition changed on incubating the components together (Figure 28, 36).
However, the lack of reproducibility and of calibration for higher values made it difficult
to determine with certainty what the values were, and whether they corresponded to
particular stoichiometries. The presence of higher-order multimers confounded this,
contributing to the presence of a broad range of higher-Mw specimens, which could not
be identified as complexes, penton multimers, or aggregates.

The formation of the complex was successfully confirmed by negative stain and
cryoEM, both of which showed the (generally singlet) penton bases clustering with
elongated, two-legged structures (Figures 29, 31), corresponding to previously
published images of the integrins (165). Due to the lack of contrast in cryoEM
micrographs, it was easier to distinguish the complexes in negative stain images,
where they showed 1:1 and 1:2 pentameric penton base:integrin stoichiometry, with
some putative 1:3 species. The latter were difficult to distinguish from possible 2:2
species, as the singlet penton base was not completely homogenous.

Multiple stoichiometries of the complex are to be expected based on prior results and

the presence of five integrin binding sites on a singlet pentamer of the penton base
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(165-167). The data here are not of high enough quality to draw quantitative
conclusions other than that there seemed to be preferentially between one and two
integrins bound per penton base out of the maximum number of five (Figures 29, 31).
This would be expected if the potential steric clashes between integrins in open
conformation are considered, indicating it could be difficult to fit above three integrins
around the penton. The ratio on setting up the complex was typically 1:5 penton base
pentamer singlet to integrin, and the analytical SEC profile did not change on an
increase to 1:8 (data not shown), indicating the complex had been saturated with
integrin. Conversely, HAdV entry by endocytosis has been proposed to be mediated
by integrin clustering-induced signalling (167), which would be expected to involve
binding to more than two integrins. Moreover, the long RGD loop of some HAdV types,
including HAdV-CS5, could extend away from the penton, increasing the space available
and the number of integrins that could be accommodated around it.

While care was taken that as many of the particles picked for cryoEM data processing
as possible were in complex with integrins, this was only partly successful. Only a
minority of 3D classes showed density additional to the penton base, and only some
of these classes showed a connection between it and the pentamer (Figures 30, 33,
34). This density was largely featureless compared to the neighbouring penton base
(9.7 A estimated overall resolution). While it was possible to fit the crystal structure of
the head of the integrin av3s into this density (Figure 34), with an acceptable cross
correlation coefficient, this was also possible with other proteins, for instance another
penton base, and so is not fully convincing as an identification. However, a pentamer
would be exhibiting additional symmetrical features, which are not seen in this case,
and no other proteins were present in the sample.

Nevertheless, no molecular details of the binding can be resolved at the obtained
resolutions. The presence of the extra density and connecting bridge with the RGD
loop is dependent on noise levels: however, they are all present in the range between
2 and 3o isocontour level, which makes them more credible. Considering the dense
clustering of the sample on the micrographs, it could be a possibility that this extra
density is a product of signal from both the integrin and extra pentamers. However, the
bridge ending at the penton base density where the flexible integrin-engaging RGD
loop begins would suggest the connection is to the receptor.

The multiple stoichiometries present in the sample were the greatest challenge for
structural data processing and reconstruction. Particularly, the presence of unbound
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pentamers in the largest dataset was a pronounced issue: they dominated the 3D
reconstructions, likely averaging out many particles with extra density, with new
bridged extra density classes only obtained in the second round of the reconstructions
(Figures 30, 32). While further in silico purification approaches should be tried,
especially given the rapid development of new methods in cryoEM, obtaining a sample
without unbound pentamers would be the easiest solution. This has been attempted
by oversaturating the pentamer, with a 1:10 pentamer:integrin ratio (unsuccessful data
collections, see Figure 37), or purification of a single stoichiometry by SEC, for instance
with prior cross-linking (see Figure 39). Both of these approaches failed initially;
however, they could succeed with more optimisation or be adapted to other methods.
For instance, as the cross-linking of the complex was successful, cross-linking mass
spectrometry (256) could be applied to determine if there are other interacting residues
of the penton base and the integrin beyond the RGD loop.

4.2.3. Potential future experiments and optimisation strategies

To obtain improved data on both the stoichiometry and molecular details of the binding,
a number of approaches could still be attempted. Even with the current protein
preparations, a more extensive data collection of negative stain EM on the complex
sample could enable 2D classification of the species and more reliable information on
preferred complex stoichiometries. Native mass spectrometry (257) or SEC-MALS
could also be used to determine the stoichiometries present in the sample.

However, improvements in the concentration and homogeneity of the HAdV penton
base component could be introduced, with more reliable techniques to establish the
Mw and multimeric status, optimised constructs, or purifying penton bases with a
reduced predisposition to dodecahedra formation (HAdV-C2), as detailed above. With
a highly concentrated, homogeneous penton base sample, quantitative methods could
be used to establish binding affinity, such as surface plasmon resonance or microscale
thermophoresis, and the quality of analytical SEC measurements could be improved.
Additionally, SEC could be used to purify the complex at a higher concentration by
incubating with the integrin before the preparative SEC step, and purifying particular
stoichiometries of a cross-linked complex would also be easier. CryoEM data could be
collected on an electron microscope with higher voltage than the Arctica (200 kV), such
as a Krios (300 kV), for a higher resolution of the reconstruction.

Secondly, the penton base component of the complex could be replaced with a more

physiologically relevant species: the intact capsid of HAdV. CryoEM is a technique
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well-suited to large, symmetrical macromolecular assemblies such as viruses, and a
structure of the whole capsid with the integrin entry receptors would provide more
information on the context of the binding. Structures of whole HAdV in complex with
their integrin receptors have been determined before improvements in cryoEM
resolution (166,167), and the current techniques could provide more detailed, higher-
resolution results. However, an issue in the case of the HAdV capsid could be the need
for events that precede integrin binding. The initial interaction of the fibre knob with an
attachment receptor, associated with the initiation of the dissociation of the fibre from
the penton base (258), is presumed to be finalised by the “untwisting” of the penton
base within the pentamer on integrin binding, loosening the interaction with the shaft
(125,166). The continued presence of the fibre, due to the lack of this initial interaction,
which is stronger than the fibre-penton base one and so thought to play a role in their
dissociation (259), could restrict the penton base movements. This could perhaps be
solved by pre-incubating the capsid with an attachment receptor. However, this would
introduce additional molecular species to the preparation, or the need for another
purification step afterwards.

The presence of 12 pentons, one at each HAdV capsid vertex, with 60 binding sites for
the integrin in total, introducing 60 rather than five possibilities of occupancy, could
also be regarded as an issue. However, this can be addressed during data processing:
localised reconstruction (260) protocols allow for extracting from a structure a fragment
that does not follow the general symmetry, and processing it separately. Thus,
icosahedral symmetry could be applied to the whole capsid, then the vertices could be
refined without imposing a higher symmetry. Still, the original problem of up to five
different occupancies would likely remain and need to be addressed at the levels of
2D and 3D classifications, increasing the challenge.

4.2.4. Outlook

The project has not met its initial aims, namely the determination of the stoichiometries
and high-resolution structure of the HAdV penton base-integrin avs complex. The
production of one of its components has proven to be intertwined with a different
question, that of the mechanism of multimer formation by HAdV penton base. This was
investigated with a practical application in mind, looking for approaches that would
result in homogenous penton base preparations, rather than to provide a scientifically
robust explanation for the observations on its multimeric states under different

conditions. Still, the major conclusions provide protocols to reliably produce the two
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complex components in insect cells, albeit at low concentrations, and suggest an
interaction occurs between them in solution. These results indicate a range of possible
further steps to improve sample quality and enable stoichiometry determination and

structure solution, leading to novel, publishable findings.
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The bacterial cell wall consists of a three-dimensional
peptidoglycan layer, composed of peptides linked to the
sugars N-acetylmuramic acid (MurNAc) and GlcNAc. Unlike
other bacteria, the pathogenic Taunerella forsythia, a member
of the red complex group of bacteria associated with the late
stages of periodontitis, lacks biosynthetic pathways for Mur-
NAc production and therefore obtains MurNAc from the
environment. Sugar kinases play a crucial role in the MurNAc
recycling process, activating the sugar molecules by phos-
phorylation. In this study, we present the first crystal structures
of a MurNAc kinase, called murein sugar kinase (MurK), in its
unbound state as well as in complexes with the ATP analog f-
y-methylene adenosine triphosphate (AMP-PCP) and with
MurNAc. We also determined the crystal structures of K1058, a
paralogous MurNAc kinase of T. forsythia, in its unbound state
and in complex with MurNAc. We identified the active site and
residues crucial for MurNAc specificity as the less bulky side
chains of S133, P134, and L135, which enlarge the binding
cavity for the lactyl ether group, unlike the glutamate or his-
tidine residues present in structural homologs. In establishing
the apparent kinetic parameters for both enzymes, we showed a
comparable affinity for MurNAc (K, 180 pM and 30 uM for
MurK and K1058, respectively), with MurK being over two
hundred times faster than K1058 (V,.x 80 and
0.34 umol min~" mg™', respectively). These data might support
a structure-guided approach to development of inhibitory
MurNAc analogs for pathogen MurK enzymes.

Tannerella forsythia is a Gram-negative oral pathogen that
is part of the red complex of bacterial species associated with
late stages of periodontitis, an inflammatory disease of gums
and bones supporting teeth (1). Like other bacteria, T. forsythia
possesses a three-dimensional peptidoglycan (PGN) network
in the cell wall, consisting of N-acetylmuramic acid (MurNAc)
and GIcNAc sugars and peptides that are connected by
glycosidic, peptide, and amide bonds (2). Unlike other bacteria,
however, the organism depends on MurNAc as a growth factor
(3) (except for some canine and feline isolates (4)), since it is
unable to synthesize MurNAc due to the absence of

* For correspondence: Georg Zocher, georg.zocher@uni-tuebingen.de.
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biosynthetic genes (5). To maintain its PGN layer, T. forsythia
relies on scavenging MurNAc from the environment (6, 7),
which involves the action of periplasmic N-acetylmuramidases
(8), the sugar transport across the cell membrane (7, 9), and
the synthesis of UDP-MurNAc via an uridylyltransferase (10).
The T. forsythia ATP-dependent murein sugar kinase (Murk,
NCBI Reference Sequence: WP_046825531.1) has previously
been identified as a part of the Tf murTKQ operon (Fig. 1)
coding for enzymes responsible for import and cytoplasmic
processing of MurNAc (11). MurK was shown to have a strong
kinetic preference for MurNAc, yielding MurNAc 6-phosphate
(MurNAc-6P; see Fig. 1), though with the ability to phos-
phorylate GlcNAc, albeit with very low affinity and reaction
rate (11). As it is genetically linked to the MurNAc 6-
phosphate etherase (MurQ), which converts MurNAc-6P to
GlcNAc 6-phosphate, its apparent role is mainly to utilize
MurNAc as a GIcNAc source rather than to yield UDP-
MurNAc to sustain cell wall synthesis. Consistent with this
view, a T. forsythia murK deletion mutant was shown to block
MurNAc catabolism and allow the direction of MurNAc solely
to PGN biosynthesis, resulting in a growth advantage in
MurNAc-depleted medium (11). In addition to MurK, a sec-
ond putative MurNAc kinase—encoding gene (NCBI Reference
Sequence: WP_041590480.1) was identified in the genome of
T. forsythia. This kinase, provisionally referred to as K1058 in
this work, is encoded by a gene (Tanf RS08300) located
directly upstream of the PGN-recycling gene cluster located
directly upstream of the Tf murTKQ operon (12) and shares
44% sequence identity with MurK (Fig. S1, Table S1).

Sugar kinases catalyze the activation of sugar molecules by
phosphorylation, commonly though not exclusively using ATP
as the terminal phosphate group donor (13), and have been
divided into five structural classes: hexokinases, repressor-ORF
kinases (ROKs), ribokinases, GHMP (galactokinase, homo-
serine kinase, mevalonate kinase, and phosphomevalonate ki-
nase) kinases, and phosphatidylinositol kinases (14). All these
families employ the same reaction mechanism, where a
conserved aspartic acid residue deprotonates the hydroxyl
group, which then forms a transient pentavalent state with the
ATP molecule, before the ADP moiety leaves. The presence of
divalent metal ions such as magnesium or zinc is also a
common requirement (14). In addition to phosphorylating

J. Biol. Chem. (2023) 299(9) 105076 1

© 2023 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.jbc.2023.105076
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://orcid.org/0000-0001-8711-2088
mailto:georg.zocher@uni-tuebingen.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2023.105076&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Structural analysis of MurNAc kinases

inner cell membrane

cytoplasm

0® 0®
=° =°
— -
/\ 0 \o ° 0 \o e
MurK 0 MurQ O
MurNAc MurT ﬁ/ —» MO on ———— > M0, on
\( NH \( NH NH
COOH COOH /&
o o
MurNAc MurNAc-6P GlIcNAc-6P

Figure 1. The MurTQK pathway in Tannerella forsythia: extracellular MurNAc is transported into the cytoplasm by MurT. MurNAc phosphorylation to
MurNACc-6P is catalyzed by kinases MurK and K1058 (the relation of the latter to the MurTQK pathway is unclear), using ATP as a phosphate group donor.
MurNAc-6P is converted to GIcNAc-6-P by MurQ. MurK, murein sugar kinase; MurNAc, N-acetylmuramic acid; MurNAc-6P, N-acetylmuramic acid-6 phosphate.

glucose, glycokinases have many other sugar substrates, such
as fructose, N-acetylmannosamine, GIcNAc, allose (13, 15), or
even more complex glycan molecules such as muramyl di-
peptides. Recently, the human GIcNAc kinase N-acetylglu-
cosamine kinase (NagK) was shown to act as a MurNAc kinase
that specifically phosphorylates muramyl dipeptide and
thereby activates this immunogenic ligand for bacterial
recognition via the nucleotide-binding oligomerization
domain-containing protein 2 (NOD2) receptor (16). Besides
their role in primary metabolism, sugar kinases also catalyze
secondary metabolism reactions, generating products neces-
sary for other pathways (15). In bacteria, such reactions enable
the organism to produce molecules for cell wall synthesis or
reshaping, crucial in the formation of the barrier between the
environment and the organism (5, 17-19).

MurNAc-specific kinases have not yet been structurally
characterized, although previous work has functionally char-
acterized the MurNAc- and GIcNAc-specific MurK from
Clostridium acetobutylicum (20). Here, we present high-
resolution crystal structures of MurK as an apo enzyme, in
complex with an ATP analog, and in complex with its Mur-
NAc substrate, based on which we model the ternary complex
to describe the mode of enzymatic catalysis. To compare
MurK and K1058, we expanded our investigation to structures
of K1058 in its apo and MurNAc-bound forms. Structural and
sequence data showed that MurK and K1058 both belong to
the group of ribonuclease H-like kinases and are members of
the ASKHA (acetate and sugar kinase/hsc70/actin) super-
family (21). The conserved catalytic aspartate residue is pre-
sent in both enzymes. Based on the data, we identified a
nonconserved patch potentially important for MurNAc
recognition in MurK. To gain insight into their roles in the cell
wall metabolism in T. forsythia, we established the apparent
kinetics of both enzymes for their ability to turn over MurNAc.

Results
Structure determination of MurK and K1058

MurK and K1058 are two sugar kinases of the cell wall
recycling system of T. forsythia, sharing a sequence identity of

2 J Biol. Chem. (2023) 299(9) 105076

44% (Fig. S1, Table S1) and separated by a single PGN-
scavenging operon within the genome. To investigate the
relationship between this sequence similarity, we determined
the structure of both enzymes. We produced and purified
MurK and K1058 by recombinant expression as Hisg-tagged
proteins in Escherichia coli. Both kinases eluted as highly pure,
dimeric enzymes from a size-exclusion chromatography (SEC)
column with an apparent molecular mass of approximately
60 kDa (molecular mass for MurK and K1058 is 32.4 and
32.3 kDa, respectively). Both enzymes were successfully crys-
tallized. We obtained triclinic crystals for MurK (termed
MurKapo), which contain four protomers in the asymmetric
unit (ASU) that form two biological dimers. K1058 crystallized
in a tetragonal space group (termed K1058apo) with a single
protomer in the ASU. The biological corresponding dimer
interface as is observed for MurKapo results from the appli-
cation of the crystallographic two-fold axis. To obtain insight
into substrate binding and catalysis of the kinases, we deter-
mined substrate-bound structures of MurK and K1058. Initial
attempts of soaking MurNAc into MurKapo or K1058apo
crystals with or without an ATP analog failed, probably due to
an induced fit accompanying MurNAc binding. Instead, we
pursued cocrystallization with MurNAc and/or B-y-methylene
adenosine triphosphate (AMP-PCP), a less hydrolyzable analog
of the phosphate donor ATP. We successfully cocrystallised
MurK with AMP-PCP (termed MurK/AMP-PCP) and estab-
lished its structure at 2.12 A resolution. Crystals of MurK/
AMP-PCP were monoclinic and contain a biological dimer
in the ASU. The production of MurNAc-bound crystals of
MurK and K1058 was very challenging but eventually yielded
crystals of MurK and K1058 in complex MurNAc (termed
MurK/MurNAc and K1058/MurNAc, respectively). Both
crystal forms diffract to approximately 3 A resolution and
contain six protomers in the ASU corresponding to three
biological dimers. Crystals of MurK/MurNAc suffered from
perfect merohedral twinning.

Although, both substrates (AMP-PCP and MurNAc) were
used to produce MurK/MurNAc and K1058/MurNAc crystals,
a ternary complex could not be established, probably due to a
very long crystallization time (6-9 months, in contrast to
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3 days for the MurK/AMP-PCP crystals), during which the
ATP analog seems not to have remained stable in the crys-
tallization conditions. X-ray data showed continuous electron
density for both kinases and allowed tracing of the complete
protein chains in all structures (Figs. 2 and S2) except for the
final C-terminal residues (for K1058 and MurK at least resi-
dues 1-277). The electron density for AMP-PCP and MurNAc
in the corresponding structures unequivocally identified both
ligands and allowed for placing of the compounds with full
occupancy into the active sites of all chains of the enzymes
(Fig. 3), beside MurK/MurNAc. Here, two chains showed weak
electron density probably due to merohedral twinning, which

Figure 2. The structures of Tannerella forsythia MurK in complex with
its substrates. A, cartoon representation of the structure of MurK as a dimer
in complex with the ATP analog AMP-PCP (blue and orange). Two confor-
mations are shown for AMP-PCP in one of the chains, differing mainly in the
position of the terminal phosphoryl group. One of the chains is shown in
gray, the other in purple (chain B). B, cartoon representation of the structure
of MurK as a dimer in complex with the MurNAc substrate (green). Color
scheme as in (A). C, movement of MurK on binding the sugar substrate:
ribbon representation of the ATP analog-bound MurK (red) and MurNAc-
bound MurK (purple). The smaller N-terminal domain shifts into a closed
conformation by 4.5 to 6.9 A. The other chain of the MurK/MurNAc dimer is
showed as black ribbon for reference. MurK, murein sugar kinase; MurNAc,
N-acetylmuramic acid.
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allowed the sugar to be placed only in four out of six chains of
the ASU.

In summary, we established the unliganded structures of
MurK (MurKapo) and K1058 (K1058apo), a MurK structure
with the phosphate analog AMP-PCP (MurK/AMP-PCP), and
structures of both MurK and K1058 with MurNAc (MurK/
MurNAc and K1058/MurNAc, respectively). Data collection
and model quality criteria of all structures are summarized in
Table 1.

Overall architecture of MurK kinases

According to the classification by Cheek et al. (21), the ki-
nase MurK belongs to the group of ribonuclease H-like kinases
and is a member of the ASKHA (acetate and sugar kinase/
hsc70/actin) superfamily. MurK is a member of the glucoki-
nase family of hexokinases that phosphorylate their conjugate
sugar substrate at the opposite site of the anomeric C-atom
(14), which is the hydroxyl group at atom C6 of MurNAc
(Fig. 1). Structurally, MurK possesses the glucokinase fold
(Figs. 2, A and B and S3), sharing the same topology charac-
terized by a small N-terminal a/p domain (residues 1-104) and
a large C-terminal o/p domain (residues 104—284). The core
motif of both domains resembles the core motif of the ribo-
nuclease H fold, a three-layered o/p/a-motif with BpPapofa
topology, where the second P-strand runs antiparallel to the
central B-sheet. In contrast to the N-terminal core motif, seven
a-helices (a4 to al0) are inserted into the larger C-terminal
domain of the enzyme after the third B-strand 8. These in-
sertions contain the majority of amino acids that constitute the
two-fold symmetrical dimeric interface of the MurK.

In agreement with other glucokinases (22), a detailed anal-
ysis of all three crystal lattice systems observed for MurK using
Evolutionary Protein Protein Interface Classifier (EPPIC) and
Protein Data Bank Proteins, Interfaces, Structures and As-
semblies (PDB PISA; (23, 24)) revealed a dimeric assembly of
the enzyme (Fig. 2, A and B), which was confirmed by SEC
experiments. A detailed C,-RMSD analysis of all four chains in
MurKapo showed that both protomers of a dimer possess a
virtually identical conformation that is slightly different to the
second dimer of the ASU (Fig. S4). The dimerization interface
of the apo enzyme buries a surface of around 1160 A and
involves just two residues (F34 and F35) of the N-terminal
domain, whereas all other contacts to the adjacent protomer
were made by several locations on the a-helical insertion of the
C-terminal domain. These include residues in the helices a4-
a9 and the loop region in between 8 and a4, as well as res-
idues in the loop region al0 to B9. The interactions of the
dimeric assembly are detailed in Tables S2-S4. The dimer
buried surface area increased to 1600 to 1700 A* for MurNAc-
bound structures, an effect that is also reported for the human
N-acetylmannosamine kinase by Martinez et al. (25).

Comparison to other sugar kinases

As expected, a search for structurally related proteins (26)
revealed similarities to glucokinases (some not biochemically
characterized), ROK hexokinases, but also to actin-related
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Figure 3. Substrate-binding sites of MurK and K1058. Binding sites of MurK with AMP-PCP bound (A), MurK with MurNAc bound (B), and K1058 with
MurNAc bound (C). Residues presumed to be involved in binding and substrates (MurNAc, green; AMP-PCP, blue and orange) are shown as sticks. Alternative
conformation of AMP-PCP, pointing away from the MurNAc-binding site, is shown as lines. Black dashes represent proposed hydrogen bonds. Red spheres
represent water molecules. In (B), pale blue dashes and ivory spheres represent water molecules and water-mediated hydrogen bonds postulated only based
on their presence in MurNAc/AMP-PCP structure. Density from the simulated annealing Fo-Fc omit map shown as mesh at 30 (both MurNAc structures) or
2.50 (MurK/AMP-PCP structure). Best-quality density is chosen from multiple chains, and density in other chains is shown in Fig. S6. D, superposition of the
MurK and K1058 MurNAc-binding sites. MurK residues are shown as purple sticks, and K1058 residues are shown as lines. Only amino acids forming
hydrogen bonds or differing between the binding sites of the two proteins are shown. Residues which are conserved between the two sites are shown in
gray for K1058, and different residues are shown in magenta. Helices a3, a8, a9, a12, a13, beta sheet 39 and 310, loops 312, a7a8 (A), helices a3, a4, a10,
sheets 36, 37, 38, and loops B3al, a10p9 (B), helices a1, a4, sheets (36, 37, 38, and loops 738, a10B9, a12a13 (C), helices a3, a4, a13, sheets 36, 7, 39, loop

3a1, a3b6, 738, a10B9, a12a13 (D) have been partly or completely removed for clarity. MurK, murein sugar kinase; MurNAc, N-acetylmuramic acid.

proteins with C,-RMSDs ranging from 1.2 A to around 4.2 A.
We focused our comparison on sugar kinases. Here, the closest
structural homologs to MurK are two proteins, both targets of
the Northeast Structural Genomics project (PDB ID 1ZXO
and 1ZBS), both possessing a very low C,-RMSD of 1.1 A in
relation to MurKapo (Table S5). These proteins are not bio-
chemically characterized, and their natural substrates are
therefore unknown; however, 1ZBS has been described as a
putative GIcNAc kinase. Based on structural similarity, it is
possible that MurNAc would be a substrate candidate. All
other related sugar kinases are structurally less well conserved,
with C,-RMSD values above 2.8 A, which is the C,-RMSD for
human GIcNAc kinase (22), the closest hit for which the
substrate specificity is known and for which complex struc-
tures with ADP and GIcNAc were also established. In

4 Biol. Chem. (2023) 299(9) 105076

comparison to the human GIlcNAc kinase, a member of the
glucokinase family, the C terminus of MurK is substantially
shortened. For detailed comparison of the active site, we
focused on hits with established substrate specificities and
structurally characterized sugar binding.

Induced fit of MurK kinase upon substrate binding

Soaking experiments with MurKapo crystals using MurNAc
failed, probably due to a rearrangement of the N-terminal
domain upon substrate uptake ultimately leading to severe
crystal damage. The induced fit of MurK is triggered by
binding of MurNAc into the cleft-shaped active site and results
in a combined sheered rotation move of the N-terminal
domain as a rigid body closing the active site over the
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Table 1
Data collection and refinement statistics for MurK and K1058 structures
Data collection MurKapo MurK/AMP-PCP MurK/MurNAc K1058apo K1058/MurNAc
Space group P1 P2, 14* 14,22 P3,21
Cell dimensions
a, b, ¢ (A) 58.76, 59.51, 96.71 61.70, 55.65, 86.00 113.43, 113.43, 294.76 131.94, 131.94, 89.22 143.75, 143.75, 210.95
aBy (°) 74.30, 75.27, 65.95 90, 93.60, 90 90, 90, 90 90, 90, 90 90, 90, 120

Resolution (A)
No. of unique reflections

49.50-2.05 (2.05-2.17)
68, 635 (11,045)

48.6-2.12 (2.12-2.18)
33,324 (2435)

Redundancy 4 (2.4) 6.8 (7.0)
Ripoas (%) 7 (65.3) 17.9 (141.6)
I/o(D) 1(1.9) 104 (1.5)
Completeness (%) 96 1 (95.7) 100 (100)
CCyps ] 99 7 (75 1) 99.6 (57.4)
Wilson B-factor (A% 36
Refinement
Ruortc/ Riree 0.207/0.254 0.185/0.233
B-factors (A%
Chain A/B/C/... 34/35/39/42 36/33
Ligand - 58/34
RMS deviations
Bond lengths (A) 0.003 0.011
Bond angles (°) 1.06 1.79
Ramachandran
Favored [%)] 94.6 94.2
Qutliers [%)] 0.6 1.1

49.13-2.7 (2.87-2.7)
49,814 (8018)

49.22-2.00 (2.00-2.05)
26,844 (1946)

29.85-3.06 (3.14-3.06)
48,103 (3521)

(
14.1 (14.5) 26.6 (26.2) 23.6/20.5
40.8 (338) 18.8 (267.2) 45.6/(331.3)
8.1 (1.2) 19.6 (1.5) 8.1 (1.0)
98.5 (98.6) 100 (100) 99.9/100
99.4 (46.6) 99 9 (53 4) 99.3 (34.8)
65 62
0.248/0.277 0.177/0.206 0.235/0.259
72/48/72/51/71/99 4 74/68/73/113/103/92
66/40/-/48/61/- - 62/57/58/105/78/76
0.009 0.007 0.001
1.85 146 0.366
90.8 96.4 94.1
1.9 0.7 0.4

Asterisk (*) denotes a twinned structure.

phosphate acceptor sugar (Figs. 2C and S5). The induced fit of
MurK can be visualized by superposing the C-terminal domain
of the unliganded MurKapo (“open” conformation) to its
corresponding C-terminal domain of MurK/MurNAc
(“closed” conformation). The best fit utilizes residue range 106
to 266 and results in a C,-RMSD value of 0.67 A for 152
aligned residues, showing virtually identical backbone
conformation of all the aligned residues of that domain (see
Fig. 2C). The transition from open to closed conformation is
based on helix a3, which slides over the C-terminal -sheet
towards the active site, resulting in a rotation by approximately
12° (calculated by DynDom (27), Fig. S5) and a maximum
translation of 6.9 A measured for the C, distance of residue
S88 when comparing open and closed states. Beside loops
alP4 and P1B2, of which loop p1B2 pushes towards the sugar-
binding site, a C,-RMS difference plot of the N-terminal
domain from open to closed state would classify the adjust-
ment as a rigid body move as indicated by the total C,-RMSD
value of 1.1 A for all residues of the N-terminal domain.
Only minor rearrangements for ATP binding were
observed, with an C,-RMSD value of 0.78 A, aligning all res-
idues of the N-terminal domain of MurKapo and MurK in its
AMP-PCP-bound state. This is in agreement with the obser-
vation that ATP is predominantly held in place by residues of
the C-terminal domain. With respect to the dimeric state of
the enzyme, the induced fit is also a concentric move of both
N-terminal domains towards each other. In the open state, the
adjacent protomer does not contribute to the neighboring
active site, but the induced fit accompanying the MurNAc
uptake enhances the reshaping of the active site by rigidifying
the dimeric interface with additional contacts from the N-
terminal protomer. This involves contacts made by residues
from loop B3al and helix al (residues 34—39) and residues
from loop alP4 (residues 70,72 und 73) to enlarge the buried
surface area of the dimer by almost 500 A* (Table $2). Similar
kinase dynamics on sugar binding are widely reported, for
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example, the human NagK (22), Sulfolobus tokodaii broad-
specificity sugar kinase (28), N-acetylmannosamine kinases
from pathogenic bacteria Pasteurella multocida and Haemo-
philus influenzae Pm-NanK, Hi-NanK (29), as well as N-ace-
tylmannosamine kinases from humans (25). The observation
that a strong induced fit takes place only during MurNAc
binding is in agreement with the suggested random sequential
binding mechanism (21) of sugar kinases. The closed confor-
mation is essential for catalytic turnover, as only in this
enzymatic state, the reaction center is shielded and allows for
tight interactions with MurNAc.

The active site and activity of MurK kinase

The active site is located in a channel between the N- and C-
terminal domains of the V-shaped enzyme (Fig. 2A4). The
channel compresses upon MurNAc binding to the enzyme
(Fig. 2B), likely to enhance the interactions with the sugar
molecule. The binding site can be subdivided into two binding
regions, the ATP-binding site and the MurNAc-binding site
(Figs. 3, A and B and 4). The ATP-binding site is formed by
residues of the loop p6p7 (1113, G115, T116, G117), helix a5
(G145), helices and loops between helices a8 and all (A195,
G196, S198, P199 and A202, S241, V242, Y244, Y245) on the
C-terminal domain. The interactions of the N-terminal
domain are limited to residues of the loop p1p2 (G8, S9, T10,
and K11), which interact with all phosphoryl groups of ATP
(Fig. 3A).

The AMP-PCP is clearly bound in both protomers of the
ASU of the monoclinic crystals (Fig. S6). Both chains possess
an identical conformation (Fig. S7). AMP-PCP is bound at the
N-terminal domain via a conserved DxGxT motif with in-
teractions of the side chain of S9 upstream of the conserved
T10 residue, both forming hydrogen bonds to the B-phosphate
group. This common motif is also found in the kinases of
Bacillus  subtilis (30) and Naegleria fowleri (31) and,
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Figure 4. Structurally informed model of the active site of MurK with both substrates bound. MurkK/AMP-PCP is superimposed on the C-terminal
(residues 110-273) of MurK/MurNAc (shown as cartoon). Residues involved in binding are shown as sticks: pale purple for the MurK/MurNAc structure, blue
for those from the MurK/AMP-PCP structure. Dashes represent proposed hydrogen bonds, and spheres represent waters (color scheme as in Fig. 3). Orange
and red spheres represent reaction centers for phosphorus and oxygen, respectively. MurK, murein sugar kinase; MurNAc, N-acetylmuramic acid.

functionally conserved with a serine residue, in human NagK.
All other interactions with AMP-PCP are located on the C-
terminal domain. T116, also conserved in the homologs, is
located on the opposite site of the phosphate entity and forms
a hydrogen bond with the B-phosphate of AMP-PCP and the
y-phosphate to the backbone amino group of G117. The
adenosine is bound mainly via van der Waals interactions
contributed by nonpolar residues but forms hydrogen bonds
via the carbonyl atom of A195 towards the hydroxy group at
C2 atom of ribose and a water-mediated hydrogen bond via
S198 to the adenosine ring system. In addition, the aromatic
ring system is aligned coplanar to tightly pack against side
chain Y244. Finally, S241, part of a conserved IGSV sequence
(residues 238-241), stabilizes the a-phosphate by hydrogen
bonding. Magnesium ions have been shown to be important
for the function of MurK (11) and other sugar kinases (25, 28).
We were not able to unequivocally identify a magnesium ion in
any of the MurK structures. Typically, magnesium is found at
the terminal phosphate groups to enhance the electrophilic
character of the y-phosphate but also to stabilize the leaving
group ADP.

The MurNAc-binding site is located on the opposite site of
the ATP molecule and shaped by residues of the loop P1p2
(S9), loop P3al (N32, F34), loop P4a2 (G67, 169), and loop
B5a3 (D95) on the N-terminal domain. On the C-terminal
domain, interactions involve strand B7 (N119), loop oda5
(D141), and loop B8a4 (S133, P134, L135) (Fig. 3B). Structure-
based modeling (Fig. 4) suggested that the C6 hydroxy group
of MurNAc points towards the terminal phosphate of ATP in
the center of the cavity, which is in perfect agreement with the
biochemical reaction catalyzed by the enzyme. The anomeric
carbon of the glucosamine ring of MurNAc adopts a f-
configuration and is held in place by a strictly conserved cat-
alytic residue D95 that establishes hydrogen bonding to the
hydroxy groups of C4 and C6. This polarizes the reactive
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oxygen atom and facilitates the nucleophilic attack on the
y-phosphate group of ATP. In the N-terminal domain, residue
S9 and residues of loop P3al (N32, F34, F35), of loop p4a2
(A66, G67, C68, 169), and of loop P5a3 and helix a3 (T94,
M96) form the MurNAc cavity that is completed by in-
teractions on the C-terminal domain to residues 117 to 119
and the region including residues 133 to 136. These in-
teractions are predominantly van der Waals contacts. Only
four residues specifically recognize the functional groups of
MurNAc. G67 forms a hydrogen bond to the ether bond of the
lactyl ether entity via its backbone amide, whereas D95, N119,
and D141 utilize their side chains to recognize the hydroxy
groups at atom C4 and C6, C4, and Cl1, respectively (see
Fig. 3B). The importance of the strictly conserved catalytic D95
is highlighted by its clamp-like interaction with hydroxy
groups both at atom C4 and atom C6, a feature that is also
reported in other sugar kinases ((22, 32, 33) and PDB ID
8DTC). Both functional groups (N-acetyl and lactyl ether) of
the MurNAc ring system are not specifically recognized by
hydrogen bonding. The N-acetyl group dips into a rather hy-
drophobic cavity that is formed by the backbone of G67 and a
set of three phenylalanine side chains (F34, F35, F137). Residue
N32, a potential hydrogen bond donor to interact with the
carbonyl function of the N-acetyl group as reported for the
human Nagk, is too far away (3.6 A) to contribute to its
recognition but lines the bottom of this cavity. In comparison
to NagK, the amide functional group is also not saturated by
hydrogen bonding due to amino acid substitution of G145 in
NagK with P134 in MurK. The lactyl ether points towards the
entrance of the channel. No direct protein interactions are
observed to account for the negative charge of the carboxyl
group besides shape complementarity of the protein, pre-
dominately created by P134 on top of which the lactyl ether
sits. When superposing the MurK—-AMP-PCP complex to
MurK/MurNAc, potential water-mediated interactions of two
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structurally conserved water molecules with the carboxyl
group of MurNAc seem to be likely based on their presence in
the high-resolution structure of MurK/AMP-PCP. One of the
modeled water molecules bridges the carboxy entity via the
side chain of S133, whereas the other water molecule would be
bonded by an amide backbone interaction to L135.

We compared the binding mode of available hexokinases
and ROK enzyme structures by superposing the conserved
catalytic aspartate residues from different proteins (Fig. 5).
These included the human NagK (22), the hexokinase from
S. tokodaii (28), human hexokinase I (32), the inorganic
polyphosphate/ATP-glucomannokinase from Arthrobacter sp.
strain KM (33), the fructokinase from B. subtilis (30), the ROK
glucokinase from Streptomyces griseus (34), glucokinase from
N. fowleri (31), the glucokinase from Acanthamoeba castellanii
(PDB ID: 8DTC), the N-acetylmannosamine kinase from
H. influenzae (29), and the glucokinase from Trypanosoma
cruzi in complex with a GlcNAc-linked inhibitor (PDB ID:
7S2P). It is noteworthy that all glucose molecules or glucose
derivatives adopt a virtually identical chair conformation with
B-configuration at the anomeric C-atom when bound to their
corresponding enzymes, with the exception of GlcNAc binding
to NagK (22), which adopts an a-configuration.

When comparing MurNAc kinases to glucose or GIcNAc
kinases, analysis indicates the reason for MurNAc specificity to
be related to two positions (Fig. 5). Most obviously, residues
S133, P134, and L135 in MurK allow for MurNAc binding by
providing sufficient space for the lactyl ether substituent.
Except for the human NagK (22) and the hexokinase from
S. tokodaii (28), the corresponding position in the homolog
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enzymes listed above carries a bulky residue that is either
charged (mostly a glutamate residue) or polar (H153, (29)) that
would sterically clash with lactyl ether entity, abolishing the
binding of MurNAc (see Fig. 5). A second position crucial for
MurNAc recognition arises from residue T94. Here, the ho-
molog sugar kinases carry a polar side chain (asparagine,
except for hexokinase from S. tokodaii, where a histidine res-
idue is found; Fig. 5) that is involved in binding the hydroxy
group at C4 of the sugar molecule. This interaction is not
observed for MurK and would result in steric stress towards
the lactyl ether substituent, abolishing MurNAc binding. In
hexokinase from S. tokodaii, the sterical clash to the lactyl
ether moiety is moreover reinforced by substitution of 169D
which would additionally interfere with MurNAc binding via
charge repulsion.

The reaction pathway can be inferred from superposing
both substrate structures, MurK/MurNAc and MurK/AMP-
PCP (see Fig. 4). The terminal phosphate group of ATP is in
close proximity to the hydroxy group of MurNAc, with a
distance of 3.4 A to the phosphorus atom that is attacked
during the reaction. The clamp-like binding by D95 polarizes
the hydroxyl group to facilitate a nucleophilic engagement of
the oxygen atom at C6 of MurNAc. Such a polarization would
facilitate a nucleophilic attack on the terminal phosphate
group of ATP. During catalysis, D95 probably acts as a cata-
lytic base to abstract the proton of the nascently generated
MurNAc-6P. The acid-base catalysis of this type of sugar
phosphorylation has been previously confirmed by site-
directed mutagenesis, for example, human kinase I almost
completely loses catalytic activity (99% activity loss) when the
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Figure 5. Sugar-binding residues in the active site of MurK and its structural homologues. A, active site residues mediating MurNAc binding in MurK
(purple), broad-specificity kinase from Sulfolobus tokodaii (white; PDB ID: 2E20), and human NagK (gray; PDB ID: 2CH6). Structures are superimposed on the
sugar (green). B, active site residues mediating MurNAc binding or MurNAc specificity in MurK (purple) and those causing clashes in Streptomyces griseus
glucokinase (black, PDB ID: 3VGL). C, active site residues mediating MurNAc binding or MurNAc specificity in MurK (purple) and those causing clashes in
Haemophilus influenzae mannosamine kinase (yellow, PDB ID: 6JDB). Structures in all panels were superimposed only on the sugar molecules present in the
active sites to demonstrate the similarities and differences in sugar binding. MurK, murein sugar kinase; MurNAc, N-acetylmuramic acid; NagK, N-acetyl-

glucosamine kinase.
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catalytic aspartate residue is replaced by an alanine or the
human mannosamine kinase loses catalytic activity on
mutating the aspartate to alanine or asparagine (25, 35, 36).

Based on the structural data, we reinvestigated the enzy-
matic activities that were reported for MurK acting as Mur-
NAc kinase with a Ky value of 113 uM and a catalytic turnover
of ke/Kym of 69,910 M~'s™t with little acceptance of the
enzyme for GIcNAc (11). Our activity measurements are in
agreement with previous measurements (Table 2) and show an
affinity towards MurNAc with similar apparent Ky; values
(110 + 20 uM for strict Michaelis—Menten kinetics and 180 +
40 uM taking substrate inhibition into account). The
substrate-inhibition model fit the data better (Fig. 6), a result
that was also reported in the studies by Hottman et al. (11).
The structural basis for substrate inhibition remains to be
determined.

Crystal structure and activity of MurK paralog K1058

Based on genomic sequence analysis, a second putative
MurNAc kinase, termed K1058, was identified in T. forsythia,
sharing a sequence similarity of 44% to MurK. In an attempt to
establish the structural differences between the two MurKs,
the K1058 ortholog was cloned and the protein heterologously
expressed and purified in a similar procedure as described for
MurK. We determined the structure of K1058 to establish the
structural differences (Figs. 3, C and D and S8). We were able
to obtain structures of the apo enzyme (K1058apo) and K1058
in complex with MurNAc (K1058/MurNAc) (Fig. S2). A su-
perposition showed a close relationship between K1058 and
MurK, with an observed C,-RMSD value of 2.1 A over the
total protein length. An in-depth active site comparison of
both MurNAc-liganded structures showed a very similar
binding of MurNAc as in MurK, with the sugar molecule
slightly tilted around the bond between O1 and C5 (Fig. 3, C
and D). When comparing all residues of the sugar-binding site,
differences can be found in two locations. Firstly, residue 169 of
MurK is replaced by a less bulky and more polar threonine
(T69) in K1058. Secondly, in the region involved in lactyl ether
recognition, residues S133 and P134 are substituted by an
arginine and an alanine, respectively. All other residues in the
MurNAc-binding site are identical and occupy conformations
very close to MurK (Fig. 3D). We speculate that the sub-
stitutions should not severely structurally influence the affinity
of MurNAc binding to K1058. The residues 169 and P134 in
MurK give an excellent shape complementarity, which corre-
sponds to residues T69 and R132 in K1058, respectively.
Hence, structural data would not suggest a decrease in Mur-
NACc affinity. Moreover, R132 in K1058 seems to be an optimal

Table 2

candidate to bind MurNAc via its carboxy group. Although we
do not observe such an interaction, probably because the side
chain conformation would have to be in an “bent back” setup,
a partial charge compensation is possible, which might
compensate for the loss in affinity by the loss of water-
mediated hydrogen bonding to S133 in MurK. We
confirmed our observations by activity measurements with
K1058 (Table 2). Indeed, the affinity for K1058 is higher than
MurK, with an apparent Ky; value of 28 + 10 uM, but the
catalytic turnover is severely reduced and suggests that Mur-
NAc might not be the natural substrate of K1058. To exclude
enzyme aggregation as the reason for this observation, we
performed CD spectroscopy and analytical SEC experiments
(Fig. S9) on K1058. These revealed folded protein and did not
show significant aggregation even on incubation of the enzyme
for 4 days at 4 °C and after freezing and thawing. A reason for
this unexpected observation is still to be determined, but we
speculate that the subtle changes in MurNAc binding are
mainly caused by the exchanges at the positions S133 and P134
in MurK to R132 and A133 in K1058. The backbone geometry
is rigidified by P134, resulting in a tighter packing of this re-
gion towards MurNAc and therefore favors MurNAc binding
to MurK in comparison to K1058. In summary, the enzymatic
assays showed that K1058 has low efficiency for MurNAc
compared to MurK, although its affinity is higher. One
possible explanation for the unusual kinetics of K1058 would
be that the enzyme needs to be (allosterically) activated for full
efficiency. Currently, we would assume that the natural sub-
strate of K1058 is not MurNAc, rather it may act as an in-
hibitor. A speculative explanation for the observation of high
affinity but low turnover of MurNAc could be a controlling
mechanism to downregulate K1058 processing of the natural
substrate in the presence of MurNAc.

Discussion

Structural analyses of MurK revealed that the enzyme be-
longs to the group of ribonuclease H-like kinases, with a fold
that is very similar to that of other sugar kinases, particularly
those classified as ROK kinases (despite MurK not belonging
to that family based on sequence). Ribonuclease H-like kinases
show a remarkable similarity across domains of life, with the
top matches for structural similarity being an uncharacterized
bacterial protein (PDB IDs: 1ZXO) and a putative NagK (PDB
code: 1ZBS), followed by a broad-specificity glucokinase from
the hyperthermophilic archeon S. tokodaii (28) and the human
NagK in complex with GlcNAc (22). The broad structural
conservation of sugar phosphorylation is unsurprising, given
its role in basic metabolic functions such as glycolysis. Our

Apparent kinetic parameters for MurK and K1058 with MurNAc as a substrate

Protein Ky [uM] Vmax [tmol min~! mg™] Keae [s71] K; [mM] Keat/ K [M71 571
MurK 110 = 20 62 + 2.7 32+14 - 300,000 + 56,000
MurK* 180 + 40 80 + 8.0 42 + 4.2 56 +23 230,000 £+ 56,000
K1058 28 £ 10 0.34 + 0.02 0.18 + 0.01 - 6400 + 2900
K1058* 55 £ 22 0.38 + 0.04 0.20 + 0.02 20 £ 23 3600 + 1500

Both the Michaelis—Menten and substrate-inhibited models (marked with *) were fitted into the experimental data.
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Figure 6. Kinetics of MurK and K1058 for the phosphorylation of MurNAc. The activity depending on MurNAc concentration for MurK (A) and K1058 (B)
is shown. The black dashed line is fitted to the Michaelis-Menten model, and the purple (MurK) or magenta (K1058) line is fitted to the substrate-inhibited
model. All measurements were performed in triplicate, and each point represents the fastest reaction rate observed in the UV spectra. Where only two data
points are visible per concentration, the values of two points were overlapping. MurK, murein sugar kinase; MurNAc, N-acetylmuramic acid.

work presents the first structure of a MurNAc kinase, which
broadens the general understanding of specificity for sugars
within the kinase family. The MurK structure enabled us to
identify residue patterns in the protein that are crucial to
accommodate MurNAc. Based on these patterns, we are now
able to determine whether a hexokinase of interest is capable
of binding MurNAc or MurNAc derivatives. Although we
cannot identify MurNAc binding from sequence analysis,
MurNAc binding can be inferred from the vastly increasing
amounts of structural data based on in silico folding ap-
proaches by AlphaFold2 (37). Our analysis of currently avail-
able experimental data of sugar kinases in complex with their
substrates suggests that the majority of deposited hexokinases
are not able to use MurNAc as a substrate due to steric clashes
with bulky polar or bulky charged residues at positions cor-
responding to region 133 to 136 or at positions corresponding
to T94 of MurK. On the other hand, the structure-based
MurNAc recognition pattern enables us to hypothesize that
both proteins from structural genomic consortium projects
(1ZXO and 1ZBS) are kinases at least able to phosphorylate
MurNAg, if MurNAc is not their natural substrate. Another
example concurring with the MurNAc specificity regions is
NagK. Comparing the structural data of NagK with MurK
indicates no conflict for MurNAc binding and would suggest
that NagK is able to accommodate MurNAc as a potential
phosphate acceptor, although NagK initially was characterized
as a GlcNAc kinase. Indeed, recent studies by Stafford et al.
(16) identified NagK as being essential for the immunosti-
mulatory activity of muramyl dipeptides by their phosphory-
lation at C6 of the MurNAc entity. The reaction is comparable
to MurK and in excellent agreement with the specificity-
controlling positions obtained from structural data of MurK.
This work therefore broadens our view of how hexokinases
structurally achieve their specificities for their conjugate
substrates.

The catalytic turnover of MurK was previously investigated
via TLC assays (11). The experiment showed that the kinase is
capable of phosphorylating both MurNAc and GlcNAc in an
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extended assay with an incubation time of 16 h, and MurK
showed a clear preference for MurNAc. When comparing
K1058 and MurK with GIcNAc kinases, for example, human
NagK (22), a structural reason for GlcNAc specificity cannot
be concluded from the available data on both enzymes.
Noteworthy, the only obvious difference in binding the
N-acetyl entity of GIcNAc seems to be related to a tryptophan
residue (W38 in human NagK), which is functionally replaced
by a phenylalanine residue in both MurK and K1058. The
preference for MurNAc over GlcNAc therefore seems to be
the binding of the lactyl ether moiety.

The data presented here enable the structure-based devel-
opment of MurNAc analogs as specific inhibitors of MurNAc
kinases. These could be helpful to differentiate their cellular
functions and to evaluate their potential as drug targets in
organisms relying on such enzymes, particularly in combina-
tion with other metabolic targets. A similar approach using
GlcN-derivatized inhibitors such as benzoyl glucosamine or
hydroxyphenyloxopropyl glucosamine aims to block the
Leishmania glucose kinases from Leishmania braziliensis for
the treatment of leishmaniasis (38) or, for example, carbox-
ybenzyl glucosamine to specifically inhibit the glucokinase and
hexokinase from T. cruzi, a pathogen causing Chagas disease
(39). The approach is promising, resulting in growth inhibition
ICs, values in the low micromolar range (39).

In conclusion, we determined the first structure of a Mur-
NAc kinase, MurK, from T. forsythia, a pathogen of the red
complex associated with the late stages of periodontitis. We
showed by kinetic analysis that both MurK and K1058 are
capable of phosphorylating MurNAc, although with different
enzymatic affinities and catalytic turnover rates. The natural
substrate of K1058 remains to be determined. A structure
comparison with other glucokinase and hexokinases from
different sources showed relaxed steric restraints at the lactyl
ether entity, which serves as a basis for the specificity of
MurNAc preference. Our findings broaden our understanding
of how kinases evolved substrate specificity and might lead to a
structure-guided development of new MurNAc analogs to
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specifically block MurNAc-dependent kinases of pathogenic
bacteria for antibiotic treatment.

Experimental procedures
Protein expression and purification

The cloning of MurK has been described previously (11),
and the K1058 construct was generated according to the same
protocol. Briefly, an 855-bp DNA fragment containing the
T. forsythia K1058 gene (Tanf RS08300) was amplified by PCR
from the bacterial genome wusing the forward primer
5'GCGCCATGGCGAAATTAATAGCAGAAAGCGGATCA-
ACG3 and reverse primer 5GCGCTCGAGGCTTT
CCGGATCATCCGGAGGGAAGGC3'. The PCR product and
target vector pET28a (Novagen) were digested with Ncol and
Xhol (New England Biolabs) restriction enzymes and ligated
into pET28a with T4 DNA ligase (Thermo Fisher Scientific).
To obtain large amounts of high purity proteins for crystalli-
zation trials, MurK and K1058 were expressed in E. coli
BL21(DE3) cells. First, chemically competent cells were
transformed by heat shock with plasmid DNA (approx. 100 ng)
coding for the desired protein genes. Next, an overnight cul-
ture of LB medium (120 ml) containing 50 pg/ml kanamycin
(all chemicals Sigma-Aldrich, unless otherwise stated) was
inoculated with either a freshly transformed cell suspension or
with cells from a glycerol stock. The overnight culture was
then used for large scale protein production in LB-Kanamycin
medium (2 L or 4 L). Here, cells were grown at 37 °C to an
Agpo of 1.1, then expression was induced by addition of IPTG
(final concentration of 0.5 mM), while the temperature was
reduced to 18 °C. The cells were harvested by centrifugation
after 20 h of incubation and either stored at —80 °C or directly
used for purification of the target protein. All purification steps
were conducted at 4 °C. The cells were resuspended in
immobilized metal ion affinity chromatography (IMAC) wash
buffer (25 mM Tris—HCI, 500 mM NaCl, 25 mM imidazole,
10% (v/v) glycerol, pH 8.0). Cell lysis was performed by soni-
cation. The lysate was clarified by centrifugation at 34,500¢ for
45 min, and the resulting supernatant was loaded onto a His-
trap column (5 ml; GE Healthcare) pre-equilibrated with
IMAC wash buffer. The column was then installed onto an
AKTA prime system and washed with IMAC wash buffer, and
IMAC wash buffer was supplemented with 5% and 10% of the
elution buffer (as IMAC wash buffer, with 500 mM imidazole)
until UV-monitoring showed that all impurities and unspecific
binders were removed. The target proteins were eluted with
80% (v/v) elution buffer and fractionated based on inspection
of UV absorbance at 280 nm. The resulting fractions were
analyzed by SDS-PAGE and pooled by purity. The solution was
concentrated (molecular weight cut-off of 10 kDa) by centri-
fugation (Amicon, Merck). Typically, 4 to 6 ml of the target
protein solution was obtained at concentration between 2 to
6 mg/ml. The protein was loaded onto an SD200 16/60 SEC
column equilibrated with SEC buffer MurK (200 mM NacCl,
50 mM MES, pH 6) or SEC buffer K1058 (750 mM NaCl,
25 mM Tris-HCI, pH 8.5) and eluted as 2 ml fractions. These
were analyzed by SDS-PAGE, and pure protein fractions were
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pooled and concentrated. Typical yields were 12 mg for MurK
and 5 to 10 mg for K1058 per 1 L culture. Analytical SEC was
performed on an SD200 Increase 3.2/300 column pre-
equilibrated with the appropriate SEC buffer by loading
50 pl of the sample and eluting it with the same buffer.

Crystallization experiments

Initial screens were performed in a 96-well plate format as
sitting drop experiments at two different temperatures (4 °C
and 20 °C) using either a Tecan Freedom Evo 150 (Tecan) or
as Gryphon pipetting robot (Art Robins Instruments). The
protein solution was mixed in a 1:1 ratio with the corre-
sponding reservoir solution and placed over the reservoir.
Initial crystallization hits from commercial screens (Molecular
Dimensions; Hampton Research) were optimized for crystal
quality. For K1058, the best crystals were obtained in a solu-
tion of ammonium sulfate (0.02—0.08 M; Roth), MES mono-
hydrate (0.1 M, pH 6.3-6.9), and PEG 5000 (16%—21% (w/v)),
whereas MurK crystallized in bis-tris propane/citric acid
mixture (0.1 M, pH 4.5), ammonium sulfate (0.3 M), and
PEG3350 (16% (w/v)). Crystals grew within a few days to weeks
in both cases.

As our attempts of soaking the apo crystals were unsuc-
cessful due to crystal packing issues, we performed cocrystal-
lization experiments using nonhydrolyzable substrate analogs
AMP-PNP (adenylyl-imidodiphosphate; Roche) or AMP-PCP
and MurNAc or GlcNAc and preincubated for 30 min with
the kinases to obtain substrate-bound kinase crystals. The
substrate solutions were dissolved in the appropriate SEC
buffer at concentrations of 100 mM (sugar substrates) or
20 mM (phosphate analogs). MurNAc, which would precipi-
tate in the MurK SEC buffer due to the pH, was dissolved in
1 M Hepes, pH 7.5, instead. The substrate solutions were
added in a 1:10 ratio to the purified kinases, resulting in final
concentrations of 2 to 10 mM for the crystallization trials. We
obtained MurK—-AMP-PCP complex crystals in 0.1 bis-tris
propane/citric acid mixture at pH 5.5, 0.12 to 0.14 M
ammonium sulfate, and 14 to 18% w/v PEG3350 within weeks,
while the K1058—MurNAc complex could be crystallized after
6 months in 1.5 M ammonium sulfate (Roth), 0.1 M Tris pH
8.5, 12% (v/v) glycerol, and the MurK—MurNAc complex after
9 months in 15% PEG 10000, 100 mM trisodium citrate pH
5.5, 2% v/v 1,4-dioxane. MurK/MurNAc crystals resulted from
cocrystallization and grew within 6 months to maximum di-
mensions of 60 x 25 x 5 pm3 in an apparent space group 14,22
as a result of almost perfect merohedral twinning.

X-ray diffraction experiments and structure solution

The crystals were cryoprotected by harvesting into a fresh
solution of the crystallization condition with the addition of a
cryoprotectant solution (20%-30% (v/v) glycerol, except for
K1058/MurNAc, where 15% (v/v) glycerol was used based on
(40)), mounted, and flash-frozen in liquid nitrogen for data
collection at the synchrotron. Data was collected at beamline
103 at Diamond Light Source (Oxford) or at beamline X06 Da
at the Swiss Light Source . Data reduction was performed
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using the XDS/XSCALE package (41). The phase problem for
the first structure (MurKapo) was solved by molecular
replacement using PDB entry with accession code 1ZBS after
adjustments to the sequence using CHAINSAW (42) and to
the structure coordinates using PYMOL (43). The MurK/
AMP-PCP and K1058 structures were solved using MurKapo
structure for molecular replacement, while for K1058/Mur-
NAc, K1058apo was the model and K1058/MurNAc was used
for MurK/MurNAc (see below). Initial models were refined
using a simulated annealing approach as implemented in
PHENIX (44) to reduce model-induced bias. The models were
then completed using several cycles of real space model cor-
rections in COOT (45), followed by reciprocal space refine-
ment as implemented in REFMAC5 (46). Solvent molecules
were placed in several cycles by a combination of the
COOT:Find_waters algorithm followed by refinement with
REFMACS. Unequivocal positive density was observed in a
simulated annealing (F,-F,)-difference omit map for the three
ligand-bound structures before the appropriate ligands were
placed into it.

Due to merohedral twinning, the MurK/MurNAc structure
was the most challenging case. The crystal structure of MurK/
MurNAc was solved in space group 14 using K1058/MurNAc
as a template with the sugar removed to avoid introducing bias
and the C- and N-terminal domains placed individually in the
crystal lattice. Further refinement involved simulated anneal-
ing with PHENIX refine using the model target geometry of
MurKapo to restrain the refinement. The simulated annealing
omit map density unequivocally showed the presence of
MurNAc in four out of six protomers in a virtually identical
position as observed for K1058/MurNAc. The density of the
remaining two protomers is generally of lower quality probably
due to crystal disorder caused by twinning. The final steps of
refinement for K1058, MurK, and MurK/AMP-PCP included
Translation-Libration-Screw-rotation ~ parameterization as
analyzed by TLSMD (47). During the final steps of refinement,
substrate molecules were placed based on a simulated
annealing (F,-F.)-difference omit map and subsequently
refined with REFMACS.

All models were validated with tools implemented in COOT
and the PDB validation server (48). Figures were generated
with PYMOL, and coordinates and structure factor amplitudes
were deposited in the PDB under ID codes 8QQW, 8QQX,
80W9, 8QQK, 80W7 for MurK, MurK in complex with
AMP-PCP, MurK in complex with MurNAc, K1058, and
K1058 in complex with MurNAc, respectively.

CD spectroscopy

To verify the folding of K1058, we used CD spectroscopy on
a Jasco J-720 spectropolarimeter. We investigated freshly
thawed K1058 enzyme that was used for enzymatic assays. To
determine the folding stability, we incubated the sample for
4 days at 4 °C and repeated the measurement. The measure-
ments were performed at a protein concentration of 0.3 mg/
ml, in a glass cuvette with a light pathway of 1 mm. CD spectra
were recorded by ten repeated measurements in a wavelength
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range of 195 nm to 250 nm. These measurements were aver-
aged and subtracted from the buffer measurements. The
resulting CD spectra were analyzed by BETSEL (49).

Enzymatic activity assays

The apparent kinetic parameters of MurK and K1058 for
the phosphorylation of MurNAc with ATP were determined
by a coupled enzyme assay (20). In this assay, the formation of
ADP was directly, stoichiometrically coupled to NADH
oxidation by pyruvate kinase and lactate dehydrogenase. In a
400 pl QS cuvette with a 10 mm light path, 50 mM Hepes (pH
7.5, Roth), 10 mM MgCl, (Merck), 5 mM ATP, 1 mM
phosphoenolpyruvate, 0.2 mM NADH, 100 U/ml of pyruvate
kinase, and 70 U/ml of lactate dehydrogenase (from rabbit
muscle, 0.1 U of pyruvate kinase/pl and 0.07 U of lactate
dehydrogenase/pl) were incubated with MurNAc at final
concentrations ranging from 0.0125 or 0.025 to 3 mM for
MurNAc. For every individual measurement, we used freshly
thawed enzyme (MurK or K1058) from the same batch of
protein preparation to maintain reproducibility. The hydro-
lysis of ATP was initiated by the addition of 178 ng of MurK
and 17.6 pg K1058. The final volume of the reaction was
400 pl: 320 ul master mix, 40 pl protein (8.9 mg/ml diluted to
1:2000 with 1 M Hepes pH 7, 178 ng per reaction), and 40 pl
MurNAc at 10 times the final concentration diluted in 50 mM
Hepes pH 7. The reactions were then incubated at 20 °C for
45 min or until no change in absorbance was observed. The
change of NADH absorbance was monitored at 340 nm in a
spectrophotometer (WTW Photometer PhotoLab 7600 UV-
Vis, Xylem Analytics). Apparent kinetic parameters were
evaluated using matplotlib as implemented in python by
fitting the experimental data to the Michaelis—Menten equa-
tion and Michaelis—Menten kinetics including substrate in-
hibition. We used a molar extinction coefficient of NADH at
340 nm of 6.22 x 10> M~ cm™! for calculation of the V., and
Kcae values.

Data availability

The coordinates and structure factors for the X-ray struc-
tures have been deposited in the Protein Data Bank under
accession codes 8QQW, 8QQX, 80W9, 8QQK, 80W7 for
MurK, MurK in complex with AMP-PCP, MurK in complex
with MurNAc, K1058, and K1058 in complex with MurNAc,
respectively.

Supporting information—This article contains supporting informa-
tion (26, 50, 51).
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Supplementary Figure S1. Sequence alignment of MurK and K1058 with two closest structural
homologues with known functions. The human N-acetylglucosamine kinase NagK (PDB ID: 2CH6) and
the archaeal S. tokodaii broad-specificity sugar kinase (PDB ID: 2E20). Cyan border and star indicate
residues important for MurNAc recognition. Alignment generated with MUSCLE (50), figure with

ESPRIPT (51).



Supplementary Figure S2. The structure of K1058. Cartoon representation of the biological K1058

dimer (one chain in magenta, one in grey) in complex with the MurNAc substrate (green). The red line
shows the two-fold symmetry axis.
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Supplementary Figure S3. Topology plot of MurK. N-terminal domain residues in magenta, C-
terminal domain residues in violet.
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Supplementary Figure S4. Structural differences of the individual chains in the crystal structure of
MurK. The triclinic crystal contains four protomers in the unit cell. Each chain was superposed on all
others (A to F) and its corresponding amino acid C,-RMSD was plotted. Both protomers in a biological
dimer (chains A, B and chains C, D) possess a virtually identical conformation, as indicated by a very
low mean C,-RMSD. Comparing the chains of a dimer to the adjacent dimer showed a different
conformation by increased Co-RMSD values, especially in the flexible N-terminal domain and residues
160 to 180 of the C-terminal domain.



Supplementary Figure S5. N-terminal domain movement on MurNAc binding in MurK and K1058. (A)
K1058 apo (blue) and K1058/MurNAc (red), superimposed to residues 91-272. (B) MurK apo (orange)
and MurK/MurNAc (yellow), superimposed to residues 91-273. (C) MurK/AMP-PCP (green) and
MurK/MurNAc (yellow), superimposed to residues 91-273. (D) MurK apostructure (orange) and K1058
apostructure (blue), superimposed on the C-terminal domains. (E) MurK/MurNAc (yellow) and
K1058/MurNAc (red), superimposed on C-terminal domains.
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Supplementary Figure S6. Substrate densities in the complex structures of MurK and K1058. Unbiased
simulated annealing difference electron density omit maps (green) at a contour level of 2.56 or 3.00
for AMP-PCP (A) or MurNAc in MurK/MurNAc and K1058/MurNAc (B and C), respectively. Except for
MurK/MurNAc, the electron density unequivocally shows the presence of the corresponding ligand in
all chains of the asymmetric units. For the twinned crystal MurkK/MurNAc the electron density is weak
for two chains in general (chain C and F) and does not allow placing MurNAc in these chains. The
density is acceptable for chain A and E, where MurNAc was placed. In chains B and D, the electron
density unequivocally shows the presence of the substrate MurNAc and its conformation in the active
site which is similar as observed for K1058/MurNAc.
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Supplementary Figure S7. Structural differences of the individual chains in the crystal of
MurK/AMPPCP. The monoclinic crystal contains a biological dimer in the asymmetric unit. Chain A was
superposed to chain B and the corresponding C,-RMSD was plotted. Both protomers possess a virtually
identical conformation with a mean C,-RMSD of 0.5 A.



Supplementary Figure S8. Structural comparison of K1058. (A) cartoon representation of K1058 (blue)
superimposed with the broad-specificity glucokinase from S. tokoidaii (2E20; grey) on the C-terminal.
(B) Close-up of the active site from (A), with active site residues of K1058 labelled. (C) cartoon
representation of K1058 (blue) superimposed with the human NagK kinase (2CH6; grey). (D) Close-up
of the active site from (C), with active site residues of K1058 labelled.
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Supplementary Figure S9. Stability experiments and CD spectroscopy of K1058. (A) Kinase stability
was investigated by analytical SEC using a SD200 increase 3.2/300 column. Frozen-thawed enzyme is
compared to a sample that was stored at 4°C for four days. Although the intensities decreased within
4 days by 16%, no evident formation of aggregates could be observed. The elution volume of 1.46 mL
corresponds to an apparent molecular mass of 60 kDa. (B) Both protein samples were investigated by
CD spectroscopy to verify their folding. Although no severe stability issues were observed all enzymatic
assay data were obtained from freshly thawed enzyme. Analysis of the CD spectra of both samples
revealed an a-helical content of 36.7% and an antiparallel B-strand content of 18.7% for the freshly
thawed K1058. After 4 days at 4 °C only subtle changes were detected yielding to an a-helical content
of 35.6% and an antiparallel B-strand content of 12.9%.



Supplementary Table S1. Percentage sequence similarity between MurK and KO58 and their closest
characterised structural homologues in Supplementary Figure 1.

Protein MurK K1058 Human_NagK 2CH6 S_tokodaii_2E20
MurK 100.00 44.24 17.50 22.22
K1058 44.24 100.00 16.73 17.82
Human_NagK_2CH6 17.50 16.73 100.00 23.81

S_tokodaii_2E20 22.22 17.82 23.81 100.00




Supplementary Table S2. List of residues involved in the formation of the dimeric interface of MurK
identified by PISA. The solvent accessible area (SAA), the buried surface area (BSA) and the fraction of
the total surface area of the individual amino acid (AA) are given. Only residues with a percentage
buried surface area over 80% are listed.

Structure Chain:Residue SAA [A?] BSA[A2]  Fraction of BSA per AA
MurK APO A:ARG 21 138 121 88%
MurK APO A:PHE 27 110 104 95%
MurK APO A:THR 48 47 40 84%
MurK APO A:GLN 172 75 63 85%
MurK APO A:TYR 173 59 57 97%
MurK APO A:PHE 193 24 19 82%
MurK APO A:ILE 197 8 8 100%
MurK APO B:ARG 21 135 112 83%
MurK APO B:PHE 27 110 102 93%
MurK APO B:THR 48 34 29 86%
MurK APO B:TYR 173 53 52 99%
MurK APO B:ILE 197 8 8 100%
MurK APO B:SER 277 38 30 81%

Supplementary Table S3. List of residues involved in the formation of the dimeric interface of
MurK/AMPPCP identified by PISA. The SAA, the BSA and the fraction of the total surface area of the
individual amino acid (AA) are given. Only residues with a percentage buried surface area over 80% are
listed.

Structure Chain:Residue SAA [A?] BSA [A2]  Fraction of BSA per AA
MurK AMPPCP A:LEU 135 111 97 88%
MurkK AMPPCP A:ILE 138 124 114 91%
MurK AMPPCP A:LEU 139 133 123 92%
MurkK AMPPCP A:ILE 153 14 13 96%
MurkK AMPPCP A:GLY 154 34 32 96%
MurK AMPPCP A:LYS 158 155 153 99%
MurkK AMPPCP A:VAL 184 27 25 91%
MurK AMPPCP A:LEU 194 3 3 100%
MurK AMPPCP B:LEU 135 112 96 86%
MurkK AMPPCP B:ILE 138 126 115 91%
MurK AMPPCP B:LEU 139 130 119 91%
MurK AMPPCP B:ILE 153 14 13 95%
MurK AMPPCP B:GLY 154 36 34 96%
MurK AMPPCP B:LYS 158 155 154 99%
MurK AMPPCP B:ILE 180 2 2 93%
MurK AMPPCP B:VAL 184 27 25 93%

MurK AMPPCP B:LEU 194 3 3 100%




Supplementary Table S4. List of residues involved in the formation of the dimeric interface of
MurK/MurNAc identified by PISA. The SAA, the BSA and the fraction of the total surface area of the
individual amino acid (AA) are given. Only residues with a percentage buried surface area over 80% are
listed.

Structure Chain:Residue SAA [A BSA [A2]  Fraction of BSA per AA
MurK MurNAc A:PRO 33 14 14 100%
MurK MurNAc A:PHE 34 109 95 86%
MurK MurNAc A:LEU 135 113 98 87%
MurK MurNAc A:ILE 138 130 114 88%
MurK MurNAc A:LEU 139 131 117 90%
MurK MurNAc A:ILE 153 14 14 95%
MurK MurNAc A:GLY 154 32 31 96%
MurK MurNAc A:LYS 158 142 142 100%
MurK MurNAc A:ILE 180 7 7 98%
MurK MurNAc A:VAL 184 30 26 85%
MurK MurNAc A:LEU 194 7 7 100%
MurK MurNAc A:ASN 225 4 4 100%
MurK MurNAc B:PRO 33 20 18 91%
MurK MurNAc B:PHE 34 107 87 82%
MurK MurNAc B:LEU 135 115 104 91%
MurK MurNAc B:ILE 138 133 122 92%
MurK MurNAc B:LEU 139 127 111 87%
MurK MurNAc B:ILE 153 14 14 94%
MurK MurNAc B:GLY 154 32 31 97%
MurK MurNAc B:LYS 158 147 147 100%
MurK MurNAc B:ILE 180 10 9 90%
MurK MurNAc B:VAL 184 33 30 90%
MurK MurNAc B:TYR 185 171 138 81%
MurK MurNAc B:LEU 194 6 6 100%

MurK MurNAc B:ASN 225 6 6 100%




Supplementary Table S5
sorted by Z-score.

. Highest-scoring DALI (26) matches for MurK and K1058 apo structures,

Name Organism PDB Code Z-score RMSD [A] Similarity to
Conserved hypothetical Bacteroides
protein Q8A1P1 thetaiotaomicron 1zxo 40.5 11 MurK
Putative N-

acetylglucosa

mine kinase Porphyromonas

(PG1100) gingivalis 1zbs 40.3 11 MurK
N-acetylglucosamine
kinase (NAGK) Human 2ch5 23 2.9 MurK
Broad-specificity
hexokinase Sulfolobus tokodaii 2e20 23 3 MurK
1.1.1.1. Putative N-

acetylglucosa

o Chromobacterium

mine kinase violaceum 1zc6 22.8 3.1 MurK
Cell shape-determining
protein MREB Spiroplasma eriocheiris 7elg 17.9 2.7 MurK
N-acetylmannosamine
kinase Haemophilus influenzae 6jdb 17 3.5 MurK
Glucokinase Streptomyces griseus 3vgl 16.6 3.2 MurK
a-skeletal actin Rabbit 2yjf 15.6 3.3 MurK
Conserved hypothetical Bacteroides
protein Q8A1P1 thetaiotaomicron 1zxo 39.1 1.2 K1058
Putative N-
acetylglucosamine kinase  Porphyromonas
(PG1100 gingivalis 1zbs 38.1 1.5 K1058
Broad-specificity
hexokinase Sulfolobus tokodaii 2e20 22.9 2.9 K1058
1.1.1.2.  Putative N-

acetylglucosa

) ] Chromobacterium

mine kinase violaceum 12¢6 22.9 2.8 K1058
N-acetylglucosamine
kinase (NAGK) Human 2ch5 224 3 K1058
N-acetylmannosamine
kinase Haemophilus influenzae 6jda 17.1 2.9 K1058
Cell shape-determining
protein MREB Spiroplasma eriocheiris 7elg 17.1 2.7 K1058
Glucokinase Streptomyces griseus 3vgl 16.8 3.5 K1058
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Abstract

Human Adenoviruses (HAdVs) are a family of clinically and therapeutically relevant viruses. A precise understanding of
their host cell attachment and entry mechanisms can be applied in inhibitor design and the construction of targeted gene
delivery vectors. In this article, structural data on adenovirus attachment and entry are reviewed. HAdV's engage two types
of receptors: first, an attachment receptor that is bound by the fibre knob protein protruding from the icosahedral capsid,
and next, an integrin entry receptor bound by the pentameric penton base at the capsid vertices. Adenoviruses use remark-
ably diverse attachment receptors, five of which have been studied structurally in the context of HAdV binding: Coxsackie
and Adenovirus Receptor, CD46, the glycans GD1a and polysialic acid, and desmoglein-2. Together with the integrin entry
receptors, they display both symmetrical and asymmetrical modes of binding to the virus as demonstrated by the structural
analyses reviewed here. The diversity of HAdV receptors contributes to the broad tropism of these viruses, and structural
studies are thus an important source of information on HAdV-host cell interactions. The imbalance in structural data between
the more and less extensively studied receptors remains to be addressed by future research.

Keywords Human adenovirus - Structural biology - X-ray crystallography - Cryoelectron microscopy - Review

Introduction

Human adenoviruses as pathogens
and therapeutics

Human Adenoviruses (HAdVs) are a family of non-envel-
oped double-stranded deoxyribonucleic acid (dsDNA)
viruses with genomes of about 35 kilobases (kb) [1]. They
are causative agents of a wide range of illnesses, such as
conjunctivitis, gastroenteritis and respiratory infections
[2]. Over 100 types of HAdVs, classified into seven groups
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(A—QG), have been reported to the HAdV Working Group
(http://hadvwg.gmu.edu/). Viruses among these groups vary
in pathology and molecular characteristics, for instance
receptor specificity and host cell tropism [3, 4].

Due to their large genome capacity and the ability to
infect different cell types, HAdVs have been extensively
studied as gene delivery vectors, and HAdV family members
have been used in hundreds of clinical trials in oncology,
gene therapy, and vaccinology [5, 6]. A detailed understand-
ing of HAdV host cell attachment and entry mechanisms
facilitates the design of vectors with a particular tropism, as
well as the rational design of antiviral compounds. Structural
biology techniques, in particular, can provide information on
the molecular details of virus binding to host cell, and can
identify strategies for the disruption of such interactions. So
far, structural analyses of HAdV particles and their compo-
nents have revealed symmetrical and asymmetrical binding
modes to HAdV receptors, and these will be reviewed below.

HAdV attachment and entry
The HAAV capsid possesses T=25 icosahedral symmetry,

and consists of three major proteins: the hexon, the penton
base and the fibre (see Fig. 1) [2, 7]. Both the fibre and
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Fig.1 A schematic drawing of Human Adenovirus, showing the
major capsid proteins that interact with receptors. The fibre knob is
in purple, the fibre shaft in yellow, the penton base in orange and the
hexon in grey. The minor capsid proteins and non-structural proteins
have been omitted for simplicity

penton base, forming the penton complex at the vertices of
the icosahedron, can engage host cell receptors. The fibre
can be divided into a C-terminal, globular structure, the
“knob”, which protrudes away from the capsid and medi-
ates the initial interaction with attachment receptors, and
an N-terminal, elongated “shaft” that anchors the fibre into
the viral capsid. Binding of the knob to attachment recep-
tors is followed by the penton base binding to the integrin
entry receptor.

The fibre is a homotrimeric structure of between
60-80 kDa per monomer and its globular knob can engage
different receptors [8—12]. The monomeric C-terminal fibre
knob contains an eight-stranded antiparallel f-sandwich
fold, comprised of two p-sheets, with multiple loops. The tri-
meric propeller-like knob is formed by intertwining p-sheets
and has a deep depression at the centre, which thins into
narrowing channels, exposing around 65% residues to the
solvent [8, 13]. The knob is mounted on the shaft, which
consists of repeats of a hydrophobic 15-residue sequence
assembled into a trimeric p-spiral [14]. The number of
repeats, and hence the length of the shaft, varies between
HAGJV types. Residues at the very N-terminal region of the
fibre knob form a tail that interacts non-covalently with the
penton base [15].

Multiple HAdV attachment receptors have been identi-
fied: the cell surface proteins Coxsackie and Adenovirus
Receptor (CAR) [16, 17], CD46 [10], and desmoglein-2
(DSG-2) [9], as well as the glycans GD1a [11] and polysialic
acid [18]. The interactions of all five receptors with HAdV
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have been established using structural biology techniques
and are the focus of this review. Other adenovirus receptors,
such as heparan sulphate glycosaminoglycans [4], or factors
IX [19] and X [20], have also been described, but we cur-
rently lack detailed structural information about their modes
of binding to the virus.

Once HAdV has attached to the cell surface, the fibre
starts disassociating from the capsid, exposing the pen-
ton base [21]. The penton base forms the vertex pentamer
(see Fig. 1), which binds to the integrin entry receptor and
exploits integrin-mediated signalling to enter the cell by
endocytosis. HAdVs have been shown to use multiple types
of integrins as their receptors, again highlighting their broad
tropism [22].

The penton monomer consists of two domains: a jelly-roll
domain proximal to the virion centre, and a distal insertion
domain [23]. The latter contains the variable, highly mobile
RGD loop, so named because it contains an arginine-gly-
cine-aspartic acid tripeptide sequence motif. The integrin-
binding RGD motif mediates binding between the integrin
and the penton base, with the exception of group F HAdV-40
and -41, where the interaction is presumed to take place in
another manner due to the lack of this motif [24]. The length
of the RGD loop varies significantly between strains, rang-
ing from 36 amino acids for HAdV-12 to 99 amino acids
for HAdV-5.

HAdV Interactions with attachment
receptors

Coxsackie and adenovirus receptor (CAR)

CAR and CD46 have been the most extensively studied
HAGJV receptors, and their interactions with the fibre knob
are particularly well understood. The first structure of a fibre
knob bound to CAR was published in 1999, showing that the
N-terminal domain of CAR engages the fibre knob with an
unusually discontinuous interface that features large, sol-
vent-filled areas [8]. Structural information about fibre knob
binding to CD46 became available in 2007, revealing a bind-
ing interface that spans the N-terminal two CD46 domains
and that likely alters the conformation of unliganded CD46
[25]. The interactions of the fibre knobs with CAR and
CD46 have been reviewed, for example, in [26]. Given the
lack of extensive developments since then, this review will
only give a brief summary.

CAR is a transmembrane protein mediating cell-cell
adhesion [27]. It is a member of the Junctional Adhesion
Molecule (JAM) family, and present in tight junctions and
on epithelial cells at their lateral surfaces. CAR can form
homodimers [28] or heterodimers with numerous extracel-
lular and intracellular proteins, for instance fibronectin and
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JAM-L [29]. These interactions have been linked to pro-
cesses such as T cell activation and cell adhesion, among
others. CAR is a high-affinity receptor for HAdV groups A
and C-F, as well as Coxsackievirus group B viruses [27].

CAR comprises two immunoglobulin-like extracellular
domains, CAR-D1 and CAR-D2, both of which have been
characterised structurally [28, 30]. The D1 domain forms
direct contacts with the fibre knob. The crystal structure of
D1 in complex with the knob from HAdV-12 shows one D1
domain bound per knob monomer, with binding occurring
at the interface of two monomers rather than at the central
cavity (see Fig. 2) [8]. Interactions are mediated by four flex-
ible loops of the knob, as was shown by both structural and
mutational studies [31-33]. The AB loop of the fibre knob
is responsible for over a half of the protein—protein contacts
and is, therefore, an important determinant of CAR receptor
specificity [8].

In a recent publication, the structures of the fibre knobs
of HAdV-26 and 48 (group D) were solved, and computer
modelling, surface plasmon resonance (SPR) and inhibition
assays were used to examine binding to potential receptors,
primarily CAR, CD46 and DSG-2 [34]. The structure of
the fibre knob bound to CAR and CD46 was simulated
in silico using homology models. A limited flexibility of
loops involved in receptor binding in CAR and CD46 was
postulated based on the X-ray data and interaction calcula-
tions. Binding of a lower affinity to CAR and no significant
binding to CD46 and DSG-2 were proposed based on loop

HAdV11

HAdV12

fibre shaft

fibre I§nob

CAR CD46

Fig.2 Human adenovirus knob binding to attachment receptors. The
trimeric knob is shown in shades of purple, the trimeric fibre shaft is
represented by a yellow line (length not to scale). Domains not fea-
tured in structures are represented with cartoon shapes. CAR-D1 is

sy SCR4

i

conformation and this was supported by competition inhibi-
tion assays.

CD46 (human membrane cofactor protein)

Human CD46, or membrane cofactor protein (MCP),
is a ubiquitously expressed transmembrane glycopro-
tein involved in multiple processes, such as complement
response inhibition, fertilisation, and adaptive immunity
regulation through its extracellular domains [35, 36]. CD46
is a member of the RCA (regulators of complement acti-
vation) family, and as such its role in binding complement
proteins C3b and C4b is of particular importance since this
interaction prevents the activation of complement response
against autologous cells [36]. Complement system proteins
are also pathogen receptors. CD46 can serve as a receptor for
pathogenic bacteria and viruses, including Neisseria, mea-
sles, human herpesvirus-6, and some group B HAdVs [36].
RCA family members CD55 and CD21 serve as receptors for
echoviruses [37] and Epstein-Barr virus [38], respectively.

The extracellular part of CD46 consists of four short
consensus repeats (SCR, 1-4) and a serine, threonine and
proline (STP)-rich region [39]. In an unbound form, SCR4
(proximal to cell membrane) is bent in relation to the almost-
linearly arranged remaining subunits, forming a “hockey
stick” shape. SCR1 and 2 have been identified as the
domains interacting with the HAdV knob. When only these
two subunits are expressed, a greater degree of flexibility is

HAdV3

HAdV37

GDl1a

DSG-2

polySia

bound to HAdV-12, PDB ID: 1KAC [8], CD46 to HAdV-11, PDB
ID: 308E [39], GD1a to HAdV-37, PDB ID: 3NOI, [11], polySia to
HAdV-52, PDB ID: 6G47 and two copies of DSG-2 to HAdV-3, PDB
ID: 6QNU
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observed between the two domains. However, when interact-
ing with the HAdV-11 knob, SCR1 becomes almost colinear
with SCR2 [25]. The interface of CD46 and this knob is
remarkably long and flat, with the binding mediated not only
by loops but also main-chain interactions and z—z stacking
of crucial arginine residues, including a conserved Arg280
in the knob. HAdV-11 binds to CD46 with high affinity and
comparisons between the structure of its fibre knob and that
of the lower affinity group B HAdVs (HAdV 7, 14, 21) have
provided insight into mechanisms and determinants of the
interaction with CD46. These include absence of an Arg
residue next to Arg280 involved in the stacking [40] and a
change in position of surface loops which disrupt the recep-
tor-virus interface [41]. In all fibre knob-CD46 complexes,
the binding is symmetrical and involves one CD46 per one
knob monomer. All CD46 molecules make identical contacts
with the three fiber knob monomers (see Fig. 2).

Glycans: GD1a and polysialic acid

Glycans, or carbohydrates, constitute an essential class of
molecules that is known to serve a wide range of physi-
ological functions [42]. Glycans can be conjugated to other,
non-saccharide moieties, such as proteins or lipids, and their
diversity in structure, as well as chemical modifications, ena-
bles them to mediate functions in signalling, adhesion, and
developmental processes. Their prominent display on many
cell surfaces makes them a target for numerous pathogens
[42].

The first structural data showing interactions of HAdVs
with glycans identified three sialic-acid binding sites at the
top of the fibre knobs of both HAdV-37 and HAdV-19p
(prototypical), around the central cavity [43]. Sialic acid
is a monosaccharide derived from neuraminic acid, which
serves a range of functions, for instance in immune regula-
tion, and is commonly found on cell surfaces [44]. Sialic
acid-containing molecules are employed as receptors by
numerous viruses, including influenza viruses, rotaviruses,
polyomaviruses, paramyxoviruses, and HAdVs, primarily
from group D [45]. In HAdVs, the sialic acid residues bound
were moieties of a sialyl-lactose ligand, and both a(2,3)- and
®(2,6)-linked ones could bind the knob. Unlike for CD46
and CAR, the binding sites for sialic acid were located on
top of the fibre knob, one per knob monomer [43]. However,
identification of the full glycan ligand of HAdV-37 as the
GD1a glycan showed that two binding sites could be occu-
pied by a single receptor [11] (see Fig. 2).

GD1lais a ganglioside (a glycosphingolipid) prominent in
the mammalian nervous system [46]. The GD1a ganglioside
is not the HAdV receptor itself, but rather the GD1a glycan
is thought to be attached to a glycoprotein with an up to
now unidentified protein conjugate. GD1a is Y-shaped and
contains two terminal sialic acids, which engage the fibre
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knob at the top in a very similar manner for both. The sialic
acid carboxylate group forms hydrogen bonds with residue
Lys345, which was experimentally shown to be crucial for
sialic-acid binding [11]. Residues from two fibre knob mon-
omers are involved in binding one sialic acid moiety: one
monomer provides hydrogen bonds and the other contrib-
utes van der Waals interactions and water-mediated hydro-
gen bonds, as well as water-mediated hydrogen bonds to
galactose moieties anterior to the sialic acids. These glycan
moieties bond to sialic acid pointed upwards, away from the
binding site, thus leaving space for longer chains terminating
in a sialic acid [11]. Knobs that bind sialic-acid are charac-
terised by a highly positive electrostatic potential, which is
thought to complement the negative charges of the receptor.
No conformational change is seen on binding [43].

The divalent GD1a receptor engages two out of three
possible binding sites in the knob. This asymmetry of bind-
ing differentiates the GD1a receptor from CAR and CD46,
although it is not a unique feature among the HAdV recep-
tors (see below).

Another HAdV type which uses a glycan as its recep-
tor is HAdV-52, a member of group G, which has two dif-
ferent types of fibres: a short fibre and a long fibre, that
are present in a 1:1 ratio on the virion [18]. The knob of
the long fibre binds to CAR, while the knob of the short
fibre binds polysialic acid, and this latter compound is the
major attachment receptor for this virus type. The first crys-
tal structure of short fibre knob in complex with a glycan
bound 2-O-methyl-sialic acid and showed that the binding
site is distinct from the one seen in HAdV-37. It is located
where the EG and GH loops from two monomers come into
contact, and there are again three identical binding sites per
knob. The interactions between the knob and the receptor
are hydrogen bond-mediated both by the backbone and side
chains of the short fibre knob. The conserved RGN motif
on the GH loop is of importance for this, although it seems
exclusive to HAdV-52 [47]. The receptor was identified as
a(2,8)-linked polysialic acid, and the structure obtained by
X-ray crystallography showed the importance of transient
electrostatic interactions with long glycan chains for the
binding [18].

Polysialic acid (polySia) has been linked to many devel-
opmental functions, particularly in the human nervous sys-
tem [48]. While only the non-reducing end was shown to
interact with the knob in a stable manner, less stable and
less directed electrostatic interactions were shown to also
be of consequence to its binding [18]. A positively-charged
border around the binding site and the binding site itself
mediates contact with polyanionic sialic acid residues fur-
ther away from the non-reducing end. Due to the transient
nature of these interactions, they were not clearly visible in
the structure, but simulations suggested that beyond a fifth
sialic acid residue these interactions no longer increase. The
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ability to bind sialic acid chains of different lengths may also
assist in infecting different cell types and hosts. An arginine
residue was also shown to be crucial to polySia binding by
maintaining the appropriate charge, and three polySia bind-
ing was symmetrical.

In addition to the two binding sites described above, it
is also worth noting that a third sialic acid binding site has
been identified in canine adenovirus 2 [49], again highlight-
ing the diversity and adaptability of the adenovirus fibre
knob to variable receptors.

Desmoglein-2

DSG-2 is a transmembrane glycoprotein that belongs to the
cadherin family and is involved in maintaining cell-cell
adhesion in structures termed desmosomes, which are par-
ticularly important in tissues undergoing significant mechan-
ical stress (e.g. heart muscle) [50]. In these junctions, adhe-
sion is mediated by DSG-2 forming heterodimers with a
related protein, desmocollin [51]. DSG-2 overexpression has
been observed in a number of cancers, and the protein has
been identified as a receptor for some group B HAdVs, that
have been classified as group B-2 and include HAdV 3, 7,
11 and 14 [9].

The structure of the extracellular fragment of DSG-2
shows that the protein comprises five extracellular cadherin
domains (EC1-5) in addition to a transmembrane segment
and an intracellular domain [51]. These five domains (with
EC1 distal to the cell membrane, and EC5 the most proxi-
mal) are linked linearly by Ca2+ ion-binding regions, and
they form a curved shape due to a 100° bend between EC3
and EC4. One side of the protein is extensively glycosylated.
In the crystal structure, DSG-2 forms homodimers (unlike
the desmocollin-containing heterodimers favoured in vivo),
linked by strand-swapping mechanisms [51].

A recently published cryo-electron microscopy (cryoEM)
structure of the fibre knob-binding domains (EC2 and EC3)
of DSG-2 in complex with the HAdV-3 fibre knob reveals
that this interaction is also an example of a non-symmetrical
receptor-fibre knob interaction [52]. In fact, two distinct stoi-
chiometries of binding are observed: a 1:1, and a 2:1 recep-
tor to fibre knob ratio (see Fig. 2). Importantly, no 3:1 bind-
ing is seen, indicating that the trimeric knob cannot engage
three DSG-2 molecules at the same time, perhaps because
of steric hindrance.

DSG-2 binds at the centre-top of the fibre knob, and in
the 1:1 complex it interacts with two out of three mono-
mers. The interactions are primarily mediated by knob loops,
with one DSG-2 monomer contacting one knob monomer.
The EC2 domain has a stabilising function, while EC3 par-
ticipates in most of the interactions. Like for CD46, a posi-
tional shift is observed in the DSG-2 fragment on fibre knob

binding: EC2 rotates by about 10°, once the first, essential
interaction with EC3 has been established.

In the 2:1 complex the binding of the second DSG-2
molecule is mediated by very similar contacts, although the
limited resolution (3.5 and 3.8 A) makes it challenging to
identify them and their nature clearly. An Asp261 fibre knob
residue which is presumed to stabilise loop conformation
was shown to be essential to receptor binding. However,
it is doubtful that such 2:1 binding mode would be possi-
ble in vivo, among the desmocollin-DSG-2 heterodimers in
cell—cell junctions [52].

The structural data on DSG-2 binding to HAdV show
that the knob is likely too small, and the binding sites for
DSG-2 are too close to each other, to allow for simultane-
ous binding of three DSG-2 molecules to the same knob.
The observed asymmetrical, stoichiometrically non-uniform
binding of DSG-2 to the fibre knob is of particular interest to
studies of integrin-penton base binding (see below), which
is also prone to forming asymmetric complexes of different
stoichiometries. This decreases the chances of successfully
obtaining crystals for X-ray studies, and increases the chal-
lenges of cryo-EM data processing as different forms of the
complex need to be processed separately.

HAdYV interactions with entry receptors—
proteins of the integrin family

Integrins are a family of heterodimeric transmembrane pro-
teins involved in signalling between the cell and its environ-
ment. They influence processes such as growth, develop-
ment, immunity, and have been implicated in cancer [53].
Integrins consist of two extracellular subunits, the o and
B chains, which each have single transmembrane domains
and short cytoplasmic tails [54]. Eighteen different o and
eight different f subunits have been identified in vertebrates,
combining into 24 proteins. These subunits are composed
of a number of smaller domains, which enable a remarkable
degree of conformational flexibility of the protein: from a
bent to an extended open conformation (see Fig. 3a). This
shift is associated with activation of signalling [53].

Due to their ubiquity, integrins are exploited by a number
of viruses as receptors, including the foot-and-mouth disease
virus, members of the herpes virus family, reoviruses and the
human papillomavirus-16 [55]. Adenoviruses also employ
integrins as entry receptors. They engage integrins via the
penton protein, and a penton-integrin interaction following
attachment seems to be uniform among HAdVs. Interac-
tions with integrins stimulate integrin clustering signalling
for endocytosis, and virus entry into the host cell via the
endocytic pathway is thought to be promoted through such
receptor clustering. The integrin most extensively studied
in the context of HAdV entry is o, p; [22], although other
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Fig.3 a A cartoon representation of integrin conformational changes. b The different binding modes for HAdV-9 monomeric penton base to
integrin o, 5. The penton base is in red, the integrin « subunit is in purple, and the § subunit in blue. EMDB IDs: 5955-5973 [58]

integrins, such as o, Bs, o, B; and a3, [22, 56] can also func-
tion in the same manner.

The first crystal structure of the integrin o, f; ectodomain
showed a bent conformation, with a globular “head” where
the N-terminals of the two subunits meet, then separating
into two more loosely associated “legs” [57]. The a, head
consists of a seven-bladed p-propeller fold, while a metal
ion-dependent adhesion site (MIDAS) of the § subunit medi-
ates the binding between two legs at the “knee”, contribut-
ing to the conformational change between bent and open
conformation via shifts in the position of loops. The RGD
motif-binding site is located in the head of the § subunit.

Integrins bind to the RGD motif on the flexible HAdV
penton base loop (with the exception of HAdV-40 and 41,
which lack the RGD motif and interact with integrins via an
unknown mechanism [24]). While the pentameric penton
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base consists of five pentons and hence contains five RGD-
containing loops, it is highly improbable that five integrins
could bind the penton simultaneously due to steric clashes
[58]. However, given the importance of integrin clustering
for HAAV entry signalling, binding of multiple integrins is
expected, probably with variable stoichiometries in solu-
tion. Given this asymmetry and heterogeneity, it is unlikely
that high-quality crystals of a single type of HadV-integrin
complex can be obtained, and electron microscopy is, there-
fore, the method of choice, as one can distinguish different
complexes and process them separately. To date, two studies
of whole virus complexes with different integrin receptors
[59, 60], and one of monomeric penton base in complex with
the integrin [58] have been published.

The imposition of icosahedral symmetry and lack of high-
resolution structures of the integrin and penton base to dock
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into the density at that time meant that it was initially rea-
soned that a full occupancy of five integrins would be pre-
sent around the penton. This had been based on structures
of HAdV-12 (group A) and HAdV-2 (group C) in complex
with integrin «,f5 at a resolution of about 20 A, based on a
ring of density above the pentamer and SPR measurements
showing binding of 4.2 integrins per HAdV-2 pentamer
[59]. However, after high-resolution integrin and penton
base structures had been published it was recognised that at
most four integrins, seen in an extended conformation and
in different orientations, could fit around the HAdV-12 pen-
ton without steric clashes. The more flexible and extendable
RGD loop of HAdV-2 penton was speculated to potentially
accommodate five integrins [60].

It was also suggested that the fourth integrin would
require a conformational shift in the penton base against the
inter-domain “twist”, and that this change may be respon-
sible for the penton’s disassociation from the capsid during
HAGJV entry and release of the fibre knob [60]. The different
integrin orientations and varying occupancies contribute to
asymmetry, making the complex structure more challenging
to solve with the imposition of symmetry.

Single-particle reconstruction of negative-stain EM mon-
omeric HAdV-9 (group D) penton base insertion domain
only integrin o, f; showed that a variety of integrin con-
formations could bind the penton, from bent to extended
[58]. Moreover, the monomeric penton was shown to bind
the integrin in a number of different locations at the integ-
rin head, showing the interactions to be more varied than
expected (see Fig. 3b). It is unclear as yet if this variability
is present in the more sterically constrained conditions of
virus binding to host cell, and if the integrin conformational
flexibility is restrained by the presence of transmembrane
and intracellular domains.

Outlook

HAGdVs are remarkable in the diversity of attachment recep-
tors they employ, which is a contributing factor to their
broad cellular tropism. Studies of their receptor-virus inter-
actions using structural biology techniques have significantly
advanced our understanding of HAdV attachment and entry.
This knowledge can be used both in drug design, to combat
the virus as a pathogen, and in rational gene vector develop-
ment, to enhance the virus as a therapeutic agent. Prospects
for the field include addressing the imbalance in data on
particular receptors: while some of the attachment recep-
tors have been extensively studied in their viral context (e.g.
CAR, CD46), there is much less information available on
others. Moreover, the integrin entry receptors, representing
the second step of HAdV infection, remain to be examined
more closely, as we lack a detailed view of the contacts

that are being formed in this complex, and we also lack an
understanding of how the geometry of binding dictates the
stoichiometry of the interaction.
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Abstract: Viruses are infectious agents that hijack the host cell machinery in order to replicate
and generate progeny. Viral infection is initiated by attachment to host cell receptors, and typical
viral receptors are cell-surface-borne molecules such as proteins or glycan structures. Sialylated
glycans (glycans bearing sialic acids) and glycosaminoglycans (GAGs) represent major classes of
carbohydrate receptors and have been implicated in facilitating viral entry for many viruses. As
interactions between viruses and sialic acids have been extensively reviewed in the past, this review
provides an overview of the current state of structural knowledge about interactions between non-
enveloped human viruses and GAGs. We focus here on adeno-associated viruses, human papilloma
viruses (HPVs), and polyomaviruses, as at least some structural information about the interactions of
these viruses with GAGs is available. We also discuss the multivalent potential for GAG binding,
highlighting the importance of charged interactions and positively charged amino acids at the binding
sites, and point out challenges that remain in the field.

Keywords: viruses; glycans; glycosaminoglycans; glycovirology; non-enveloped viruses; struc-
tural biology

1. Introduction

Viruses are infectious entities that require a living organism, a host, to support their
replication. They can target any kind of organism, ranging from complex hosts such
as animals or plants to microorganisms such as bacteria or archaea. Until now, more
than 6500 types of viruses have been discovered, and more than 260 of these can infect
humans [1]. Viruses are encoded by DNA or RNA genomes, which are packaged into
and protected by a protein capsid. Enveloped viruses additionally contain a lipid bilayer
shell that is derived from the host cell membrane, while non-enveloped viruses lack such a
membrane envelope and are encased in a capsid protein shell.

In order to infect a host organism and replicate, specific virus proteins interact with
receptor molecules on the host cell surface. Among these receptors, carbohydrate-based
structures, or glycans, are used by many viruses to infect cells [2]. Such glycans can
be grouped into three major groups: structures that terminate in sialic acids (sialylated
glycans), neutral structures that are based on histo-blood group antigens (HBGAs), and
structures known as glycosaminoglycans (GAGs). These GAGs are long, linear, negatively
charged polysaccharides with molecular weights ranging from 10 to 100 kilodaltons (kDa),
and they can be divided into two main types: sulfated GAGs, including heparan sulfate
(HS), heparin, chondroitin sulfate (CH), and dermatan sulfate (DS); and non-sulfated GAGs,
including hyaluronic acid [3].
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HS and heparin are both linear polysaccharides composed of repeating units of uronic
acid linked to D-glucosamine. HS is ubiquitously found on the cell surface or on mam-
malian extracellular matrix proteins, where it is involved in multiple biological processes,
while heparin is secreted by mast cells and is medically used as an anticoagulant. HS and
heparin share the same backbone, which is comprised of uronic acid and D-glucosamine,
where the uronic acid moiety can either be x-L-iduronic acid (IdoA) or 3-D-glucuronic acid
(GlcA). Both components of the polysaccharide can be modified by sulfatation, deacetyla-
tion, and epimerization during biosynthesis [4]. There are three main differences between
heparin and HS: (i) The uronic acid in heparin is predominantly IdoA, while it is GlcA
in HS. (ii) D-glucosamine is mainly N-sulfated in heparin, while it is N-acetylated in
HS. (iii) Heparin is composed of at least 70-80% of Ido(2S)-(1— 4)-GIcNS(6S) disaccha-
rides, while in HS 40-60% of the disaccharide units are GlcA-(1— 4)-D-glucosamine, either
N-acetylated or N-sulfated. Taken together, these differences indicate that heparin carries
more sulfatation, and therefore has a higher overall negative charge compared to HS [5].
Chondroitin sulfate is also a linear polysaccharide composed of repeated units of uronic
acid and N-acetylgalactosamine (GalNAc). Similar to HS, CS is found on the cell surface
and in the extracellular matrix, and is involved in diverse physiological processes [6].
Dermatan sulfate, also known as chondroitin sulfate B, is the main GAG expressed in skin
tissue. DS is structurally close to CH because it is composed of GalNAc, but also to HS and
heparin because of the presence of IdoA in the disaccharide repeating unit [7].

While several non-enveloped viruses have been found to use GAGs as their receptors
(e.g., adenoviruses [8] and rhinoviruses [9]), these results have not necessarily been verified
in vivo, and it remains unclear whether the reported receptor specificity is the result of
cell culture adaptation or is also present in nature [10]. This review aims to provide an
update on the structural work characterizing the interaction of non-enveloped viruses with
sulfated glycosaminoglycans, especially heparin. Among the structural studies that will be
discussed, only structures with a resolution better than 4 A will be considered in detail,
and primarily only ones where electron density maps for the ligands are publicly available
and can be inspected to assess the quality of the ligand fitting.

2. Adeno-Associated Virus

Adeno-associated viruses (AAVs) are single-stranded DNA viruses, members of the
family Parvoviridae, with a small genome of about 4.5 kilobases. They require the host cell
to be infected by another virus, typically an adenovirus, for productive replication, and
they are not associated with human pathology. Their significance in research is connected
to their potential as gene delivery vectors, associated with, among others, their ability to
transduce non-dividing cells and lack of pathogenicity. The AAV capsid is about 26 nm in
diameter, composed of 60 subunits, and has T = 1 icosahedral symmetry (see Figure 1a) [11].
The three capsid proteins, VP1, VP2, and VP3, all share most of the C-terminal sequence.
Compared with the other two proteins, about ten times more copies of VP3 are found
in the capsid. All three proteins consist of a jelly roll 3-barrel fold, with loops between
the barrel strands containing most of the sequences that differ among AAV strains and
that are mainly responsible for receptor binding [11]. The loops form the triple-capsomer
peaks close to the threefold symmetry axis (Figure 1b)—a location where multiple residues
associated with heparin binding cluster [12-14].

While heparan sulfate was long considered to be the primary receptor for AAVs, recent
research suggests that this role is in fact performed by the adeno-associated virus recep-
tor [15], with GAGs serving as lower-affinity co-receptors of significance for attachment.
Structural studies of GAG binding to AAV generally have suffered from difficulties in ob-
taining well-diffracting crystals of the virus-receptor complex, either by co-crystallization
or soaking [16]. These difficulties have excluded X-ray crystallography as a method for the
structural analysis of AAV-GAG complexes, and led to efforts of obtaining cryoelectron
microscopy (cryoEM) structures instead.
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Among the first structures of AAV-GAG complexes are two examples that were
solved before the cryoEM “resolution revolution” [17], at lower resolutions of 18 A [18]
and 8 A [19]. Both reports examined the structures of AAV type 2 in complex with
heparin, and came to opposite conclusions, with the lower-resolution analysis postulating
significant conformational shifts on GAG binding that were not observed in the higher-
resolution structure. Additional studies of complexes of AAV-DJ (a mutant strain selected
for resistance to most common human neutralizing antibodies, with a high capsid sequence
similarity to AAV-2) at 5 A [16] and 2.8 A resolution [20] provided data that argue against
a large conformational shift. In these cases, heparin analogues were used to mitigate the
issues caused by multiple-site, asymmetric binding of the physiological ligand and to
provide a clearer view of binding.

While the use of smaller, shorter GAG analogues such as fondaparinux (five sugar moi-
eties) or sucrose octasulfate (SOS) is a promising approach to the problem of averaging out
the non-icosahedral ligand density, the resulting structures do not provide high-resolution
information on GAG binding to AAV. In the lower-resolution structure at 5 A, the level
of molecular details is low (as expected at this resolution), and while electron density for
the ligand is visible, this density is largely globular and does not allow the assignment
of specific contacts. Unfortunately, this situation is not improved for the 2.8 A structure,
probably due to low occupancy of the ligand. The viral capsid density allows for a clear
delineation of the main chain and most side chains of the amino acids, but the ligand
electron density is not detailed enough to reliably place the ligand or to deduce much
information about its conformation (see Figure 1c).

The most detailed structural information on GAG binding to AAV is provided not
through structural analyses but mutational studies. The residues identified by these studies
as necessary (or of importance) for heparin binding can then be mapped onto the capsid
or capsomer structures, where they do localize in the proximity of ligand densities from
structural studies. Thus, positively charged residues at the threefold peak, primarily
arginines (R587 and R590 from one capsomer and R486 and R489 from another—see
Figure le; residue numbering according to AAV-DJ sequence), have been shown to play
an important role in the cell binding of AAV-2, since a loss in infectivity was seen after
their mutation [12]. These residues, along with others, form a positively-charged patch
coming downwards from the peak (Figure 1d). GAG binding is often mediated by positive
charges on the protein, with positively charged residues forming ionic interactions with
the sulfur groups, and this is where the GAG density is found in the structures. Structural
and mutational studies of AAV-6, a strain which binds both HS and sialic acid, have also
highlighted the threefold peak as the location of an HS binding site [13,14]. Given that
GAG molecules can achieve significant lengths, it is possible that one chain would engage
multiple sites on a single capsid, winding in the clefts between the peaks. This would serve
to increase the binding affinity and enhance the strength of the interaction, increasing the
chance of entry.

Structural studies of AAV binding to GAGs form an interesting example of the chal-
lenges encountered in this field, and of characterizing interactions despite the unavailability
of a high-resolution structure of the complex. Combining the high-resolution apostructures
of AAV with extensive mutational data, an overview of the binding site locations and their
residues has been obtained. A recent cryo-EM structure of AAV-DJ at a resolution below
1.6 A [21], and a continuing interest in AAV as a gene therapy vector [22], shows this is
an active field, both in structural biology and applied medicine; therefore, elucidating
the details of AAV-GAG interactions at atomic (or near atomic) resolution would be an
important development.
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Figure 1. AAV-DJ capsid and its binding by GAG (PDB: 5UF6). (a) The viral capsid, with one
constituting pentamer highlighted in shades of purple. (b) The viral capsid, with one constituting
hexamer, and a threefold symmetry axis peak, highlighted in shades of purple. (c) A close-up of the
density (salmon) for the structure at o 1.5, showing that the capsid protein (purple) matches it closely
and can be well resolved, while the ligand (raspberry) density is not visible at this level. (d) The
charge distribution in the proximity of the threefold peak. Negatively charged residues are shown in
red, positively charged in blue, ligand in wheat. (e) Close-up of the residues identified in mutational
studies as contributing to binding HS, highlighted in purple. Capsomers in wheat, pink, and grey.
Figures were created using PyMOL [23].

3. Human Papillomavirus

Human papillomaviruses (HPVs) are small, non-enveloped viruses containing a
double-stranded DNA genome. Over 170 HPV types have been described, of which ap-
proximately 40 can be transmitted by sexual contacts, making HPV the most common
sexually transmitted infection (STI) [24]. It is estimated that more than 80% of the world’s
population has at one point been in contact with HPV, although 90% of infections sponta-
neously resolve within the first two years and are often asymptomatic. However, some
strains can cause warts or precancerous lesions (progressing to cancer), mainly of the
genital or oropharyngeal tract. Strains HPV6 and HPV11 are the most common cause of
genital warts, while 70% of cervical cancers are associated with HPV16 or HPV18 [25,26].



Viruses 2021, 13, 800

50f11

The HPV capsid is comprised of 360 copies of the major capsid protein L1 arranged
in 72 capsomers of L1 pentamers, forming an icosahedral T = 7d geometry (Figure 2a,b).
The minor capsid protein L2 is incorporated into the viral capsid in a not fully understood
manner. The cell entry of HPV is mediated by binding of the viral capsid to cell surface
proteoglycans as the primary receptors [27-29].

Figure 2. Glycan engagement of HPV16. (a) Capsid structure of HPV16 L1 pentamers (PDB ID 5KEP).
L1 subunits of one pentamer are displayed in different shades of green. The highlighted pentamer is
represented as a ribbon, the remaining capsid is depicted as cartoons. (b) Top view of a HPV16 L1
pentamer (PDB ID 5W10). Subunits are displayed in cartoon representation and colored in different
shades of green. (c) Side view of the pentamer. The heparin ligand is colored by atom type and
represented with sticks in yellow. (d) Superposition of HPV16 L1 pentamer in green with its heparin
ligand in yellow with HPV18 L1 pentamer (PDB ID 5W1X) in blue and its ligand in cyan. (e) Close-up
view of one ligand binding site of HPV16. Ligand-binding residues K356, T358, K361, and K54 are
represented as sticks. (f) Close-up view as in (e) of one ligand binding site with the negative Fo—F.
difference map of the ligand contoured at 30, colored in red. Figures were created using PyMOL [23].
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Heparin binding assays identified largely positively charged peptide sequences at the
C-terminus of L1, spanning amino acids G472 to L505, as the main interaction partners
for GAGs [30]. Additional interaction studies determined similar residues of L1 as well as
residues of L2 to bind to heparin, with binding constants in the high millimolar range [31].
However, both studies were only performed with small peptide fragments of both L1 and
L2. Studies by Dasgupta et al. (2011) for the first time revealed structural details of the
interactions between HPV and receptor candidates. Using co-crystallization experiments
with heparin, these studies showed multiple heparan sulfate binding sites in the intact pen-
tamers of both HPV16 and HPV18, demonstrating that these two strains display somewhat
different oligosaccharide binding patterns (Figure 2d). The study identified key regions for
ligand binding on surface loops (HI, FG, BC, EF, and a4) of the capsid protein L1, which are
conserved between HPV16 and HPV18. These regions were determined to be located on
the capsid-distal sides as well as on the capsid-proximal sides of the pentamer (Figure 2c).
As more data are available for HPV16, we will mainly focus on HPV16 from here on. The
crucial residues interacting with the negatively charged heparin in the HPV16 binding sites
were identified as positively charged lysines that engage in charge—charge interactions
with the sulfated groups of the receptors. These lysines form a mostly positively charged
binding pocket in comparison to the highly negatively charged pore. For the two binding
sites on the capsid-distal side of the pentamer, interaction partners were determined to
be K54, K356, and K361 (Figure 2e), as well as K278 and N285 for a second binding site.
Additionally, polar residues T358 and T266 were found to contact the glycan through polar
interactions. To our knowledge, the characterized residues had not been identified before
in binding assays as involved for glycan binding. Mutational experiments by Dasgupta
et al. have confirmed K278 and K361 as essential residues for HPV16 pseudoviral infection,
while mutations of the other structurally identified binding partners did not significantly
influence infectivity [32].

The structure of HPV16 in complex with heparin has a resolution of 2.8 A, meaning
that residues and ligands should be clearly visible in the electron density, as previously
described for adeno-associated viruses. In the difference map (F,—F. map, from PDB ID
5W10), no negative difference density can be observed for the L1 pentamers; however,
for the complex structure, a large amount of negative electron density around the heparin
ligand is visible (Figure 2f). This negative density indicates that the modelled ligand
structure does not fully agree with the experimentally observed data, perhaps because of
high flexibility of the glycan or low occupancy, as both would show density in the initial
map but would display negative density after refinement. Nevertheless, it is also possible
that the glycan was placed incorrectly in the structure. Structural studies by Guan et al.
(2017) identified a different heparan sulfate binding site, which overlaps with two of the
previously identified binding sites [33]. However, no complex structure or difference maps
are available for the newer study, and therefore cannot be considered for this review.

As already discussed for AAV complex structures, complex structures of HPV with
heparin or HS published to date should be treated with caution, as the available electron
density maps do not allow for unambiguous assignment of contacts between protein and
ligand. It also becomes clear that flexibility and occupancy represent major challenges in
structural elucidations of virus-GAG interactions.

4. Polyomavirus

The Polyomaviridae form a family of non-enveloped icosahedral dsDNA viruses. To
date, fourteen human polyomaviruses have been identified. Infection mostly occurs dur-
ing childhood, and the viruses typically persist in host cells asymptomatically. In the
context of immunosuppression, polyomavirus family members can reactivate and lead
to various diseases [34]. The BK (BKPyV) and JC (JCPyV) polyomaviruses were the first
polyomaviruses to be discovered, and they induce polyomavirus-associated nephropa-
thy and progressive multifocal leukoencephalopathy in immunocompromised patients,
respectively [35,36]. The more recently discovered Merkel cell polyomavirus (MCPyV)
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was found in Merkel cell carcinomas, and is the first confirmed human oncovirus within
the Polyomaviridae family [37]. Similar to papillomaviruses, polyomaviruses have a capsid
composed of 72 pentameric capsomers (referred to as VP1 pentamers) with an icosahe-
dral T = 7d symmetry. However, polyomaviruses are smaller, with a diameter of around
50 nanometers compared to 60 nanometers for papillomaviruses. Moreover, the structures
of the L1 and VP1 differ significantly. VP1 capsomers have a barrel-shaped morphol-
ogy while papillomavirus L1 capsomers are mushroom-like protrusions with star-shaped
pentamers [38].

When initiating infection, many polyomaviruses use glycans terminating in the sialic
acid N-acetyl neuraminic acid (Neu5Ac) as their receptors. Interactions are mediated
through surface loops at the outer margin of the major capsid protein VP1, and structural
information is available for many complexes of polyomavirus VP1 pentamers with their
cognate receptors [39—45]. These analyses have revealed that polyomaviruses differ in
their specificities for sialylated glycan structures. For example, BKPyV binds to cells via
sialylated structures found in b-series gangliosides, which carry two sialic acids on the
inner galactose (NeuSAca2-8Neu5Aca2-3Gal) (Figure 3b) [41]. On the other hand, JCPyV
specifically engages glycans carrying terminal «2,6-linked Neu5Ac in the context of the
monosialylated lactoseries tetrasaccharide ¢ (LSTc) glycan [45]. MCPyV binds to yet another
type of sialylated glycan carrying a terminal Neu5Aco2-3Gal motif [40].

For some polyomaviruses, additional interactions with non-sialylated glycans have
been reported to be required for cell entry. For example, MCPyV requires both GAGs and
sialylated glycans for entry, and these interactions occur sequentially, with GAGs serving as
the primary receptor [46]. BKPyV and JCPyV have also been proposed to bind GAGs [47].
This recent study showed only a small decrease in the cell attachment of wild-type JCPyV
and BKPyV virus-like particles (VLPs) on cells producing non-sialylated or hyposialylated
glycans [47]. This result indicates that these two viruses do not require sialylated glycans
for initial binding to cells. Further work showed that simultaneous removal of GAGs and
sialylated glycans drastically reduced the binding of those VLPs to cells. Taken together,
the results of this study suggest that wild-type BK and JC viruses can interact with either
GAGs or sialylated glycans for initial cell attachment [47].

In the case of BKPyV, a structural study has investigated interactions of this virus with
GAG:s, solving the structure of BKPyV virus-like particles via cryo-electron microscopy
(cryoEM) at 3.8 A resolution. As expected, the BKPyV capsid was found to consist of
72 pentamers of the major capsid protein VP1 arranged in T = 7d icosahedral symmetry
(Figure 3a). Six distinct VP1 conformations, all sharing the 3-sandwich jelly roll fold,
were found within the asymmetric unit of the capsid. The C-terminal arms are well
resolved, and the structure of the assembled VLP shows how they are extended into
adjacent capsomers and maintain a stable capsid structure, similar to what has been
observed for other polyomavirus family members [39,48]. A structure of BKPyV VLPs
in complex with heparin was also determined at a resolution of 3.6 A. No structural
differences at the protein level were seen between this structure and the unliganded
BKPyV structure, establishing that heparin binding does not induce a structural change
of the capsid. However, electron density corresponding to heparin was not visible at
high resolution, and difference maps calculated to identify potential binding sites had
to be computed at lower resolution, yielding a rather imprecise representation of the
BKPyV-heparin complex at only 8 A resolution. Difference density was observed between
capsomers as well as at the top of each capsomer (Figure 3c). Density in between pentamers
cannot be associated with GAG binding with certainty. However, this site is positively
charged, which would fit the observations made for other viruses where GAG binding
sites are indeed positively charged. The density observed in the pore of the pentamers
could be attributed to the effects of symmetry averaging, but the authors do not completely
discount the idea of GAG binding to the pore [49].

A detailed study conducted in 2011 investigated MCPyV cellular tropism and found
that this virus sequentially engages GAGs and sialylated glycans. Through multiple
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binding and transduction assays, it was shown that the initial attachment of MCPyV to
cells requires GAGs such as HS and CS. Particularly, N-sulfated and/or 6-O-sulfated forms
of HS are needed for infectious entry of the virus [46].

Structural information on GAG interactions with MCPyV is currently limited to a
study by Bayer et al., which analyzed the binding of different GAGs to MCPyV particles
and isolated VP1 capsomers with saturation transfer difference nuclear magnetic resonance
spectroscopy (STD NMR). Interestingly, it was found that isolated, unassembled VP1
pentamers did not bind any of the tested GAGs, while the assembled virus capsid gave a
strong binding signal. Isolated VP1 pentamers are thus not able to establish interactions
with GAGs, in contrast to the interactions with sialylated glycans, which were analyzed
using VP1 pentamers. Additional STD NMR experiments showed that MCPyV VLPs
were able to bind HS-derived disaccharide, heparin-derived octosaccharide, DS-derived
hexasaccharide, as well as the HS-derived pentasaccharide Arixtra(fondaparinux). Based
on these observations, it is clear that MCPyV can bind a broad range of GAGs, and that the
presence of sulfatation seems to be essential for interaction. Most importantly, GAG binding
by MCPyV requires more than one VP1 pentamer, suggesting that the GAG binding sites
most likely lie in the recessions that separate individual VP1 pentamers. However, attempts
to visualize this interaction by solving the structure of MCPyV VLPs with GAGs through
crystal soaking or cryoEM studies were not conclusive [50].

Figure 3. Glycan engagement of BKPyV. (a) Capsid structure of BKPyV (PDB ID 6ESB). The capsid is represented in the
gray cartoon, except for the highlighted pentamer, where VP1 monomers are displayed as ribbons in different shades of

blue. (b) Top view of BKPyV VP1 pentamers in interaction with GT1b. The pentamer is displayed as a surface colored in

different shades of blue for each subunit. The double sialic acid part of GT1b is represented as yellow sticks. (c) Surface

representation of BKPyV VP1 pentamers, in blue, associated with the difference map for heparin, in yellow (generated
through subtraction of the unliganded VLP map (EMD-3946) from the heparin-VLP map (EMD-3945)). Figures were created
using PyMOL [23] and Chimera [51].

5. Conclusions

In this review, we surveyed the available structural data on the binding of GAGs to
non-enveloped viruses. It is clear that GAGs are exceedingly important glycans that play
key roles in the entry processes of many viruses, including several that are relevant to hu-
man health. However, reliable and detailed structural information about contacts between
GAGs and virus capsid proteins is essentially non-existent. More than anything, our review
has therefore highlighted the challenges that hamper structural studies of GAG receptor
binding to viruses. Crystallographic methods are in many cases unsuitable, primarily
due to the difficulty of obtaining crystals—particularly with asymmetric, heterogeneous
molecules such as HS. This moves the focus to cryo-EM. While it is developing rapidly,
this method does not yet necessarily match crystallography’s resolution and suffers from
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a paucity of reliable metrics for assessing structure quality, particularly because of the
variety of workflows applied for data processing, which can significantly influence the
result. Perhaps more importantly, in the case of virus—-GAG interactions, the icosahedral
symmetry imposed during processing can result in the averaging out or weakening of the
signal of the non-icosahedrally symmetrical ligand. Issues with ligand heterogeneity, and
ligand binding to multiple sites on the same capsid also increase this challenge, further
lowering the level of detail that can be resolved.

With the continuously increasing quality of cryoEM data and the development of
new approaches to data processing, particularly algorithms that allow for non-icosahedral
symmetry within a primarily icosahedral structure [52], these challenges can be addressed
in the future. Using this approach, one could, for example, visualize longer and heteroge-
neous ligands that do not adhere to the rules of icosahedral symmetry when binding to
virus capsids. Any detailed structural information would drastically increase our under-
standing of structural mechanisms of virus—-GAG binding—an aspect of glycovirology that
remains to be more fully explored.
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